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SUMMARY 
The central objective of this research was the 
analysis and synthesis of data available concerning human 
exposures to the natural terrestrial radiation environment 
and the solution of some key problems which appeared to be 
hampering the understanding of it. A better knowledge of 
the natural radiation environment appears to be necessary to 
a realistic interpretation of the effects of low levels (for 
example, current occupational guide levels) of radiation 
exposure of man. 
Specific objectives included a determination of the 
important parameters affecting radon emanation from 
concrete, the measurement and correlation of the gamma ray 
spectra from radionuclides for typical concentrations in 
soil, a determination of the possibility and practicability 
of using high resolution spectrometers to measure low levels 
of radioactive contamination due to human activities, and an 
evaluation of major sources of external and internal human 
exposure due to the natural radiation environment. 
All of the important objectives were accomplished 
and some unexpected benefits were obtained. A 50 cubic 
centimeter Ge(Li) detector provides a satisfactory basis for 
evaluating low levels of radioactive contamination in the 
range zero to five mi 111rads/year of gamma rays; however, 
a larger detector used with specially designed peripheral 
xi i i 
equipment would be more desirable. It was demonstrated that 
the most important parameter in controlling the emanation of 
radon from concrete is the free moisture content of the 
concrete. Within the normal range of home temperatures, the 
temperature of the concrete is not a sensitive parameter and 
thus has negligible effect on the emanation. Radon 
concentrations in dwellings constructed of uranium bearing 
materials are often in the range 1-5 picocuries/1iter of 
air. These concentrations result in the irradiation of the 
basal cells of the bronchial epithelium near the first five 
bifurcations by the alpha emitting daughters of radon that 
often exceeds, sometimes by a large factor, the average 
whole body absorbed dose due to the gamma rays from the 
natural radiation environment. Further, the doses to 
these basal cells over a 50-year span may approach the 
levels at which the incidence of lung cancer in uranium 
miners is increased by a factor of two over the normal 





Although the radiations associated with medical 
diagnostic techniques, radiotheraphy and the nuclear power 
industry contribute increasing fractions of the total 
radiation exposure of man, the most important source 1s 
still the naturally occurring radiation environment. The 
absorbed dose levels range from a few tens of mi 11irads/year 
to a few rads/year depending on several factors, the most 
important of which 1s the concentration of potassium, 
uranium, and/or thorium in the rock and soil of the environs 
(UNSCEAR 1958, 1962, and 1966). Other factors that 
influence exposure levels Include geomagnetic latitude, 
altitude relative to sea level, general topological terrain 
and geological features, climate, and composition of 
buildings in which an individual lives or works. An 
analysis of the contribution of the various components of 
the natural radiation environment which contribute both to 
internal and external exposure is given in Appendix I 
(UNSCEAR 1966). The variation of the cosmic ray dose with 
altitude above sea-level and geomagnetic latitude is also 
shown in Appendix I. 
The United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR) estimated that the 
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world average genetically significant dose (GSD) to man is 
125 millirems/year (UNSC EAR 1962). A discussion of GSD is 
given in Appendix II. The somatic effects of radiations at 
world average levels of exposure or even at the dose levels 
of the anomalously high areas have not been observed and/or 
reported in the literature. Although much is known about 
the effects of relatively high acute doses of radiation to 
man, e.g., 100-400 rads, little is known about the effects 
of low chronic exposures such as those from the natural 
radiation environment. So little is known, in fact, that 
there is divided scientific opinion as to whether there 
exists a threshold dose below which radiation is not harmful 
(threshold hypothesis) or whether effects can be linearly 
extrapolated from observed effects at high levels to low 
dose levels (linear hypothesis) regardless of dose rate, or 
even whether some other model is required. However, since 
there is some justification and considerable precedence for 
applying the linear hypothesis (UNSCEAR 1958, 1962, and 
1966), it seems prudent to assume that there are some 
somatic as well as genetic effects from radiation doses from 
the natural radiation environment. 
It was because there were many apparent problems 
relating to human exposures to the natural radiation 
environment that this area of research was chosen. Implicit 
in statements of concern over low levels of exposure is the 
linear hypothesis of biological effects and the "man-rad" 
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concept. The term "man-rad" refers to the sum of the 
whole body doses without regard to the distribution of doses 
within the populations. Thus, whether x number of people 
get a dose of y rads each or 10 x people get one-tenth of y 
rads each, the effect on the population, somatic or genetic, 
is the same. This reasoning does not apply if y to a given 
individual becomes large enough that the probability of an 
observed effect 1n that individual 1s no longer small, I.e., 
the logic applies only to Individual doses of a few tens of 
rads at the highest. 
Although some progress has been made, there are still 
many important unanswered questions concerning our knowledge 
of the effects of man's exposure to the natural radiation 
environment. Because this radiation is from "natural" 
sources, there has been, 1n the author's opinion, an 
apparent disregard of many of the problems associated with 
it. Because some of the radiations are so penetrating, 
(e.g., the high energy component of the cosmic radiation) 
and so all-pervasive (e.g., the beta and gamma emitter, 
potassium-40 1s present in all potassium, including that in 
the skeleton of m a n ) , this disregard might appear to be 
justifiable. However, evaluations of the various source 
contributions are needed 1n order to provide recommendations 
for control of those exposures for which some degree of 
control might be possible. A preliminary step in this 
direction was made in 1972 in the United Kingdom. 
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The British National Radiological Protection Board issued a 
statement on June 14, 1972, in response to proposals from 
the buildinq industry to use by-product gypsum in building 
materials which included the following: 
Sources of the raw material giving rise to concen-
trations of radium in the finished product signifi-
cantly in excess of 25 picocuries per gram should be 
avoided so that the average over the whole country 
shall not exceed 25 picocuries per gram. 
The term "by-product" refers to gypsum resulting from 
the neutralization of excess sulfuric acid in sulphonation 
processes; for example see Thorpe and Whiteley (1946). 
Although the recommendation does not, in fact, limit the 
general use of a material averaging more than 25 picocuries 
of radium per gram of material, it does show an increased 
awareness of the desirability of some controls. Implicit in 
the concept of controls concerning the radiation exposure of 
man from the naturally occurring radionuclides are the 
philosophical questions relating to man's choice of his type 
of domicile and its geographical location. For example, 
should the public be made aware of any possible danger to 
itself and its progeny through increased radiation exposure 
due to choice of home construction materials and location? 
Among the important technical questions related to this 
philosophical one is that dealing with quantizing these 
effects, namely the prediction of probable exposure by 
extrapolation of known radiation effects at high dose levels 
to the relatively low levels of the natural radiation 
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environment. Assuming a linear extrapolation model (UflSCEAR 
1958, 1962, and 1966) , it can be shown that there may be 
non-negligible genetic and somatic risks to those living in 
houses in which the gamma radiation exposure is 
significantly higher than the world average. These risks 
may be amplified if the lungs are also exposed to high 
concentrations of alpha-emitting particles. 
Description of the Natural Radiation Environment 
The natural radiation environment may be considered 
to consist of emission from terrestrial radionuclides and 
cosmic radiations. For this study, all radionuclides in the 
natural environment were considered to be terrestrial, even 
those produced by nuclear reactions from cosmic ray 
bombardment of terrestrial atoms. Because more Information 
is available on the geographical and altitudinal variations 
of the direct cosmic ray component of the natural radiation 
environment than is available on the terrestrial component, 
only the latter has received detailed consideration in this 
study. Of the terrestrial sources, the most important are 
radionuclides of the uranium and thorium series, and the 
potassium isotope of atomic mass 40. These radionuclides 
respectively contribute to human exposure by penetrating 
radiations, chiefly gamma rays, from sources 1n the 
environment, through "external exposure," and from 
radionuclides inside the human body, frequently 
6 
located in vital body tissues, giving rise to "internal 
exposure, " 
The Uranium and Thorium Decay Series 
As shown by the tables in Appendix I, more than 50 
percent of man's exposure from natural terrestrial sources 
is due to the uranium and thorium series (parent isotopes 
are uranium-238 and thorium-232, respectively) (Eisenbud 
1963, UNSCEAR 1966). These series are shown schematically 
and respectively in Figures 1 and 2. Similarly, the 
properties of the individual isotopes in each series are 
listed in Tables 1 and 2 (Eisenbud 1963, Dillman 1969, and 
Lederer tt at. 1967). A third series, the actinium series, 
derived from uranium-235, contributes a negligible part of 
man's exposure and is not considered here (Eisenbud 
1963). 
Characteristics of the isotopes in the uranium and 
thorium series of most consequence to human exposure 
include: 
1. Penetrating X and gamma rays from many of the 
isotopes contribute significantly to the exposure of man if 
the decay occurs inside the human body or in the near 
envi rons. 
2. More than 90 per cent of the energy radiated by 
the decaying isotopes is carried by alpha particles, but 
because alpha particles in the energy range of interest here 
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Table 1. Most Important Radiation Properties of the 
Isotopes of the Uranium Series 
Isotope Radiation Energy in MeV and % Yie ld 
2 3 8U (4.5 x 109 yr) a 4.20 (75%) and 4.15 (25%) 
234Th (24.1 d) f 0.19 (100%) 
234Pa (1.75 min) 3~ (> 99%) 2.32 (80%), 1.50 (13%), 
Y 0.1 (50%), 0.126 (26%) 
0.22 (14%), 0.36 (13%), 
0.56 (15%), 0.70 (24%), 
0.90 (70%), 1.08 (12%) 
234U (2.5 x 105 yr) 4.763 (100%) 






Ra (1,620 yr) a 4.777 (94.3%), 4.589 (5. 
Rn (3.85 d) a 5.486 (100%) 
'Po (3.05 min) a (> 99%) 6.0 (100%) 
Pb (26.8 min) B~ 0.72 (100%) 
y 0.295 (19%), 0.352 (36%) 
+ weaker 




Table 1. (Cont'd.) 
Isotope Radiation Energy in MeV and % Yield 
214Bi (19.7 min) 3" (> 99%) 3.17 (23%), 1.65 (77%) 
a (0.04%) 5.52, 5.47, 5.33 (al l weak) 
y ' s 0.609 (47%), 0.769 (5%), 
0.935 (3%), 1.12 (17%), 
1.238 (6%), 1.378 (5%), 
1.40 (4%), 1.509 (2%) 
1.728 (3%), 1.764 (17%), 
1.848 (2%), 2.117 (1%), 
2.205 (5%), 2.445 (2%) 
2 1 4Po (160 (ysec) a 7.683 {y 100%) + long 
range alphas 
210T1 (1.32 min) 3~ 1.9 (100%) 
Y 0.296 (80%), 0.795 (100%), 
1.08 (19%), 1.21 (17%), 
1.31 (21%), 2.01 (7%), 
2.09 (5%), 2.36 (8%), 
2.43 (9%) 
210Pb (22 yr) f low energies 
210Bi (5.01 d) 3" (> 99%) 1.17 (100%) 
a (5 x 10~5%) ^ 5 MeV (100%) 
(Cont'd.) 
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Table 1. (Cont'd.) 
Isotope Radiation Energy in MeV and % Yield 
210Po (138.4 d) a 5.3 (* 100%) 
4.5 (% 10""h) 
206T1 (4.2 min) f 1.51 (100%) 
206Pb Stable 
Table 2. Most Important Radiation Properties of the 
Isotopes of the Thorium Series 
Isotope Radi ati on Energy in MeV and % Yield 
232Jh (1.4 x 1010 yr) a 4.01 (76%, 3.95 (24%) 
228Ra [6.7 yr) 3~ 0.05 (100%) 
228Ac (6.13 hr) 3" 2.11 (100%) 
228Th (1.91 yr) a 5.43 (71%), 5.34 (29%) 
224Ra (3.64 d) a 5.68 (94%), 5.45 (6%) 
220 Rn (55 sec) a 6.29 (100%) 
2 1 6Po (0.15 sec) a(99 + %) 6.78 (100%) 
8( < 0.01%) —— 
2 1 6At [300 ysec) a 7.80 (97%) 
212 
1 Pb [10.64 hr) 3~ 
0.58 (100%) 
212gi (60.5 min) 3" (64%) 2.25 (100%) 
a 
Y 
(36%) 6.09 (10%), 6.05 (26%) 
0.727 (7%), 0.785 (1.1%), 
1.62 (1-8%) 
2 1 2Po [0.3 usee) a 8.87 (100%), 
also long range alphas 
208T] [3.1 min) 3" 
Y 
1.80 (100%) 
0.51 (23%), 0.583 (86%), 
0.860 (12%), 2.614 (100%) 
208 Pb Stable 
13 
contribute to the dose to man except when the decay occurs 
inside the human body. 
3. The isotopes radon-222 and 220 are noble gases 
with respective half-lives of 3.8 days and 55 seconds. 
Half-lives of this magnitude permit the noble gases to 
escape, in many cases, from the rocks, soil or building 
materials in which they are produced, Once freed in the air 
the gases are subject to inhalation directly, or progeny of 
the noble gases can sorb onto dust particles which may be 
inhaled subsequently. 
4. The daughters of radon-222 and radon-220 decay 
according to widely varying decay constants. When the 
activity of each of the daughter isotopes is equal 
approximately to that of a longer lived "parent isotope," a 
state of radioactive equilibrium is said to exist, i.e., 
after several half lives of the daughter, if the 
half life of the parent is much greater than that 
of the daughter, the activity of the daughter approaches 
the activity of the parent. This condition is only possible 
when none of the isotopes are removed from (or added to) the 
environs under examination or when the addition and removal 
occur in equal amounts. This phenomenon of radioactive 
equilibrium is of enormous importance in assessing the dose 
to man (UNSCEAR 1958, Evans 1969, Parker 1969, and Jacobi 
1964), and is discussed in detail in Chapter III. 
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Concentrations of uranium and thorium in the earth's 
crust vary widely. Table 3 lists some average 
concentrations in different geologic formations, and Table 
4 lists some of the geographical areas having concentrations 
sufficiently high to produce a significant increase in 
radiation exposure over the world average (UNSCEAR 1958, 
1962, and 1966, Rankama 1954, Spiers, McHugh, and Appleby 
1964, Johnson 1952, Johnson and Weir 1962, Marsden 1959 and 
1960, Roser and Cullen 1962 and 1966, Cullen 1967, and Roser 
2,t at. 1965).The average total doses, internal plus external, 
from natural sources for various areas and the increment of 
dose over the world average are shown. 
Other Naturally Occurring Radionuclides 
Of all sources of radiation dose to man, the most 
important single isotope in terms of absorbed dose is 
potassium-40 (UNSCEAR 1958). Potassium-40 has a half-life 
of approximately 1.3 billion years and decays by beta 
emission to calcium-40 (89 percent) or electron capture to 
argon-40 (11 percent); the electron capture process results 
in the emission of an argon X ray and a 1.46 MeV gamma ray. 
Potassium-40 is present in all potassium to an abundance of 
0.01 percent and disintegrates at a rate of approximately 
1900 disi ntegrations/mi r.ute/gram of natural potassium. 
Muscle tissue of a 70-kilogram human usually contains about 
130 grams of natural potassium. This 130 grams of natural 
potassium yields 0.1 microcuries of potassium-40 and a 
15 
Table 3. Average Concentration of Uranium and 
Thorium in Geologic Formations 
Type of Formation Wt. U/g Rock Wt. Th/g Rock 
Earth's Crust 1.0 yg - _ 4 _ yg 
Igneous: High S i l i c a 4.0 yg 14.0 yg 
Intermediate S i l i ca 2.0 yg 8.0 yg 
Low S i l i ca 1.0 yg 4.0 yg 
Sandstone 1.2 yg 6.0 yg 
Shale 1.2 yg 10.0 yg 
Limestone 1.3 yg 1.3 yg 
Granite 4.0 yg 9.0 yg 
Phosphate* (Bone Valley 100.0 yg 10.0 yg 
Formation, Florida) 
*Samples from one area, Bartow, Florida, but survey instruments show 
general uniformity. 
Table 4. Geographical Areas Having Soil Concentrations of Uranium and/or Thorium 
to Produce the Dose Increments Indicated (dose values in mrad/yr)* 
Area Dose Ra,te, Range 
100 - 12,000 
200 - 475 
< 1,000 - > 8,000 
550 - 1,250 
1,700 - 12,000 
3,000 - 7,000 
1,000 - 2,000 
150 - 250 
150 - 250 
200 - 1,500** 
1,000 - 10,000 
Dose Rate, Increment 





tXj 200 * 75 
Kerala, India 00    * 1,500 * 1,375 
Rio de Janeiro, Brazil 0  2  * 600 <u 475 
Minas Gerais, Brazil 7   ,  * 2,000 % 1,875 
Ceylon Granite Areas 00   00  * 3,000 <x, 2,875 
Niue Island 0   0  * 1,000 * 875 
West Central Florida (White Phosphate)   * 200 ^ 75 
New England and Georgia Granite Areas   ^ 200 ^ 75 
Bartow, Florida, Areas with Excavated 
Phosphate 200 - 1,500** Not Applicable Not Applicable 
Many Localized "Hot Spots" Throughout 
the United States 
* Values reported by UNSCEAR in mrem have been translated to mrad, assuming that the RBE for each 
radiation is 1.0 and that those in mrem can be taken as mrad within the accuracy intended. 
** Roadways, parking lo t s , and areas filled in with phosphate aggregate only; there is no method 
available at present to estimate average dose to the population. 
cr> 
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resulting absorbed dose to soft tissues and the gonads of 
approximately 20 mi 11irads/year; it also produces a dose of 
about 15 mi 11irads/year to the bone marrow (UNSCEAR 1958 and 
Mayneord 1964). The decay scheme is shown in Figure 3(a) 
(Spiers, McHugh, and Appleby 1964 and Martin and Blichert-
Toft 1970) . 
After potassium-40 and the isotopes of the uranium 
and thorium seriess the next most important contributor to 
human exposure of purely terrestrial origin is rubidium-87 
but the dose due to it can generally be neglected. The 
absorbed dose in the gonads from rubidium-87 in the body is 
approximately 0.3 mi 11irads/year, which is typical of the 
whole body average; i.e., there is no notable local 
concentration of the approximately 20 nanocuries total 
activity in any single organ (UNSCEAR 1958, Spiers, McHugh, 
and Appleby 1964). The half-life of rubidium-87 is 47 
billion years and the decay scheme is shown in Figure 3(b) 
(Rankama 1954) . 
Carbon-14, produced by cosmic ray neutron capture in 
nitrogen-14 followed by proton emission (Libby 1946), 
contributes approximately 1.6 mi 11irads/year to the bone 
marrow dose and 0.7 mi 11irads/year to the gonadal dose from 
a whole-body activity of approximately 30 nanocuries 
(UNSCEAR 1958 and Mayneord 1964). Carbon is a constituent 
of all biological tissues and the ratio of the maximum to 
minimum dose in the human body from carbon-14 is 
IB 
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Figure 3. Decay Schemes of tf0K, 87Rb, l t fC, and 3H. 
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approximately three. As a soft beta emitter, carbon-14 
contributes only to internal dose; the maximum beta ray 
energy is 0.16 MeV, and the mean beta energy is 
approximately 0.06 MeV (Libby 1955). The half-life is 
approximately 5730 years (Atomic Energy Commission 1970) and 
the decay scheme for carbon-14 is shown in Figure 3(c). 
Tritium is also produced by cosmic ray neutrons, 
primarily by irradiation of sea water (Libby 1946). The 
half-life of tritium is 12.3 years, the maximum energy of 
its beta ray is 0.018 MeV, and the average beta ray energy 
is 0.005 MeV (Libby 1955). The quantity of tritium in the 
body varies over a wide range, but the total amount is small 
and the dose therefrom is negligible, << 1 mi 11irad/year 
(UNSCEAR 1958). The chief external sources of exposure of man 
from the natural radiation environment are then, in order of 
importance: the gamma rays from the radionuclides of the 
uranium and thorium series in soil, rock and building 
materials; the various particles, including neutrons, due to 
cosmic rays; and gamma rays from potassium-40 in soil and 
rock. Likewise, the most important sources of internal 
exposure are the beta rays of potassium-40; the alpha, beta 
and gamma rays of the uranium series; and the gamma rays of 
potassium-40, all contained in body tissues, respectively. 
These internal and external exposures are so general 1n the 
body that they can be assumed to be whole body exposures 
within the accuracy intended. However, there is one organ 
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of the body, the lung, which is exposed additionally when 
radon and its daughters are contained in the respirable air. 
More specifically, the basal cells of the bronchial 
epithelium receive the highest doses and are of major 
interest in this research. 
General reviews of many aspects of the dose to the 
United States population due to the natural radiation 
environment have been made recently by Oakley (1971) and by 
a Special Studies Group of the Environmental Protection 
Agency (1972). The latter report includes "man-made" 
sources such as diagnostic x-ray machines. 
Whole Body Exposure to Man From the Natural 
Radiation Environment 
Gamma radiation incident from outside the body yields 
a relatively uniform dose distribution in man-sized tissue 
samples. Jones tt at, (1972) have presented depth dose 
curves as a function of photon energy for unilateral 
irradiation, with the midline dose to man varying from about 
25 percent of the incident surface dose at 50 keV to more 
than 90 percent at 10 MeV. For isotropic irradiation the 
midline dose is in all cases more nearly equal to the dose 
at the surface. Consequently, for the purposes of this 
study, the external gamma radiation dose can be assumed to 
be a uniform whole body exposure. The gamma rays from 
radionuclides distributed in the body yield, in general, an 
even more uniform distribution, and thus the total gamma 
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component can be taken as uniform. 
External beta radiation is primarily of interest, in 
general, insofar as the skin and the eyes are concerned. 
The clothing and skin shield the blood forming organs from 
most of the beta rays which escape the soil or building 
materials. Also, recommended guidelines for beta 
irradiation of the skin and eyes are so much higher than the 
highest natural background levels (for example, NCRP 1971) 
that little attention has been given to external beta. rays; 
this appears to be reasonable at present. The more 
penetrating bremsstrahlung produced by the beta rays is 
included in the photon continuum; that fraction which is too 
low in energy to be detected by the usual detectors used in 
these studies can contribute only to exposure of the skin 
and lens of the eye and is considered as part of the 
external beta exposure. 
Internal beta and alpha-ray emitters irradiate 
primarily the tissues of the organ in which they are 
incorporated and the dose distribution can be highly non-
uniform. The daughters of radon-222 are heavy metals, and 
thus have lung, bone, kidney, and liver as their common 
target organs (ICRP 1959). The lung is a critical organ in 
all cases, but the radon which decays while carried in the 
blood and lymph produces short-lived heavy metals which also 
decay before they can be deposited in tissues wherein their 
residence will be long. Hence, they irradiate tissues in 
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all areas of the body while they are in the blood or lymph 
and thus the whole body is the target organ. Each radon 
daughter thus contributes a relatively small dose to any 
single organ before the decay reaches lead-210. Because 
lead-210 has a long half-life it can become fixed in the 
body, particularly in bone, where the remainder of the decay 
energy is deposited. Consequently, there are two parts of 
the inhaled radon and radon daughter exposure; first is the 
dose to the lung, the critical organ, and second is the dose 
due to lead-210 and its daughters, bismuth-210 and polonium-
210. It should be noted that there is another source of 
internal exposure, the uranium and thorium and their 
daughters in the chain before it reaches radon (222 and 220 
respectively) and which find their way into the body by way 
of the food chain and drinking water. This source of 
exposure has received much attention, especially the role of 
radium-226, and will not be reviewed here because it is 
numerically much less than the dose to the lung tissues. 
Dose to the Respiratory System Due to Radon 
and Radon Daughters 
During the past two decades there have been numerous 
studies of the dose to lungs and bronchi due to radon-222 
and its daughters. However, only within the last few years 
has significant agreement on dose ranges been obtained by 
several researchers. For this study, a review and analysis 
of the more recent work of others were made but no 
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experimental research in the area was attempted. The 
emphasis on exposure of the respiratory system has been and 
is due to the well-known increased incidence of lung cancer 
in uranium miners (see for example, PHS 1961, Archer 1962, 
1964a, 1964b, Wagoner 1964, 1965, and Lundin 1969). 
Although this analysis is intended for more general 
exposures, there appears to be no need for significant 
differences in the calculation of dose in this general case 
from that for uranium mines; the varying dust loads, 
humidity, disequilibrium, etc., are encountered generally. 
In addition to the work cited, there is an extensive 
literature listed in the non-cited bibliography. The work 
cited was chosen on the basis of this author's judgment as 
the most pertinent and the choices may have been somewhat 
subjective. 
One of the early contributors to the understanding of 
respiratory system exposure due to radon and its daughters 
was Bale (1951, 1955, and 1956) who recognized the 
importance of the attachment of radon daughters to dust 
particles. The radon daughters, whether formed in free air 
or in the lung cavity, have a high probability of attachment 
to particulates which are abundant in all air. Inspired 
radon gas, which is soluble in water, blood, and most other 
body fluids especially fatty tissue, may be either expired 
or sorbed into body fluids. Once in body fluids, especially 
the circulatory system, it is free to circulate throughout 
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the body or to rediffuse into the lung and be expired. 
However, the daughters, which are heavy metals, whether 
attached to aerosols or free ions or atoms may be deposited 
in the tracheobronchial tree. Bale (1955) calculated that 
for equilibrium of radon and its daughters, 95 percent of 
the dose to the tracheobronchial epithelium was due to the 
daughters. As discussed earlier, there are betas and gammas 
emitted by the daughters, but the major part of the energy 
absorbed in the basal cells of the tracheobronchial 
epithelium is from alpha particles. The relative biological 
effectiveness (RBE) of alphas compared to gamma rays is not 
accurately known for any radiation effect in man, including 
lung carcinogenesis, but it is generally assumed to be in 
the ranqe of 5-20, thus increasing the effectiveness of the 
dose due to alpha rays. 
Standard anatomy texts show the details of the human 
respiratory system, see for example Sobotta (1939). 
However, experimental workers with models have used various 
simplifications and an excellent recent study (Martin and 
Jacobi 1972) has demonstrated some of the important physical 
phenomena using a plastic model of the upper bronchial tree. 
With the aid of this model and radioactively tagged aerosols 
they have shown that the important sites for deposition of 
aerosols are at and near the first few bifurcations of 
the bronchi. This deposition is that which would be 
expected due to impaction of particles for both inspiration 
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and expiration. However, the 1nhomogeneous deposition 
includes additional particulates in locations near the 
impaction areas, indicating that diffusion in non-
laminar flow regions is also important. Even so, the 
authors were not convinced that these two phenomena alo,ne 
could explain the concentrations of activity in the 
bifurcation areas of the upper bronchial tree. 
Another important facet of respiratory exposure was 
explored by Chamberlain and Dyson (1956) and by Shapiro 
(1954 and 1956). A primary point of concern in those 
studies was the ratio of unattached ions or atoms of the 
radon daughters, mostly radium-A,to the total ions or atoms, 
generally referred to as the unattached fraction. Though 
the various measurements and estimates of the unattached 
fraction varied from near 1 percent to as much as 50 
percent, a mean value of 10 percent was generally assumed. 
This unattached fraction is estimated to produce about 90 
percent of the dose to the basal cells of the bronchial epi-
thelium because of the easier absorption of the unattached 
atoms or ions to the bronchi and, to a minor extent, the 
absence of self-absorption by a particulate (ICRP 1959). 
Although numerous researchers have investigated the 
problems of the alpha ray dose to the bronchi, generally by 
basing a set of calculations on a chosen deposition model, 
the recent work of Jacobi (1972), Martin and Jacobi (1972), 
and Harley (1971)permits not only an evaluation of the range 
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of uncertainties in the bronchial dose due to radon but also 
a narrowing of the limits of uncertainty for a given set of 
exposure parameters. Harley evaluated many of the physical 
parameters, including stopping power, and computed the dose 
to the largest part of the respiratory tree (the trachea 
with 1.8 centimeters diameter) and the smallest bronchials 
(0.6 millimeters diameter). Because the differences were 
small, she did not compute the values for the intermediate 
diameters. She used experimentally determined values for 
the attached fraction (attached to particulates) and 
particle size distribution and assumed a 15™micrometer thick 
mucous layer lining the bronchial tree. She used a particle 
size diameter of 0.3 micrometers which is larger than 
generally used but showed that self-absorption in it is 
negligible; hence, her data can be applied with some 
confidence to smaller particles. An important conclusion 
drawn by Harley is that the dose to the bronchial tree where 
lung cancers are observed in uranium miners is lower for a 
given radon concentration than assumed by ICRP (1959), 
though the difference is strongly dependent on the lung 
model used. In Harley's analysis of Weibel's model 
(Weibel 1963), she has computed a dose to the basal cells 
(22-micron depth) which is nearly an order of magnitude 
lower than similar calculations based on a model by 
Altshuler (Altshuler, Nelson* and Kuschner 1964). Modifying 
Harley's conclusions by a different distribution of 
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deposited activity$ for example using the results of Martin 
and Jacobi for 0.3 micrometer particles, it is reasonable 
to conclude that the dose to the regions of bifurcation is 
much higher than the average and is in the range of 10-20 
rads/year for exposure to 100 picocuries/1iter of radon in 
equilibrium with its daughters for 2000 hours/year. If it 
is assumed for the present that the working level unit (WL), 
used in monitoring for radon in uranium mines and discussed 
in Appendix III, is numerically equal to 100 
picocuries/1iter, then the dose to the bifurcation regions 
of the bronchi is of the order of 10-20 rads per 12 working 
level months (WLM). Ludin zt at. (1971) report that 
exposure to 120-359 WLM causes an increase in respiratory 
cancer deaths of about a factor of four over control 
populations. It appears prudent to assume the "doubling 
dose" to be about 100 WLM or 85-170 rads to the bronchi. 
The latent period for lung cancer depends on the exposure, 
but generally decreases with increasing dose. Also, no data 
are available on the relative sensitivity of women or 
children to the induction of this form of carcinoma, but 
from other human studies it might be expected that children 
would be more sensitive. For convenience, use is made of a 
"low exposure" latent period of 10 years and it may be 
assumed that a two-fold increased risk of death due to this 
cause before age 60 would represent too large a "cost" to an 
individual for living in a masonry house as compared to a 
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wooden building (a highly suspect assumption). Then we may 
ask, what concentration of radon would yield a dose for 
exposure from birth to age 50 without doubling the 
respiratory cancer risk? There are 600 months for exposure 
and, averaged over the 50 years, something more than eight 
hours per day and less than 24 hours per day spent in the 
home; at present there is no way of arriving at a 
satisfactory average, especially for any specific type of 
home. For convenience, assume 15 hours per day over a 
period of 600 months which is equal, compared to the miner's 
eight-hour shifts ^or five days per week, to 1575 exposure 
months. In order to limit exposure to 100 WLM, the maximum 
WL would be 100 WLM/1575 M or 0.06 WL. Assuming equilibrium 
of radon and its daughter, this is about 6 picocuries/1iter 
of radon in air. From the study discussed in Chapter III, 
it is possible to find homes that are typical of those in 
some areas of the world where these concentrations would be 
exceeded. However, considering the effect of even minimal 
ventilation, it is expected that the dose due to inhalation 
(bronchial) is seldom as high as the equilibrium level 
(see Chapter III).At present it is not possible to ascertain 
the additivity of other doses to this (bronchial), e.g., the 
200-400 millirads/yr of penetrating whole body exposure due 
to gamma rays from the masonry structural materials ,the dose 
due to diagnostic x rays, etc. Consequently, prudence would 
make desirable an average radon level of less than 6 
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picocuries, perhaps 1 picocurie/1iter for residences* 
especially in view of the childhood exposure. This 1 
picocurie/1iter corresponds to a dose to age 50 years of 5-
10 rads or a dose rate of 100-2°° mi 11irads/year to the 
basal cells of the bronchia"; epithelium. 
Objecti ves 
The general objectives of this research were: (1) to 
evaluate the range of dose levels to which man is exposed to 
the natural radiation environment and the relative 
importance of the various sources contributing to the total ; 
(2) to contribute to the basic knowledge o f the natural 
radiation environment; and (3) to explore the feasibility of 
reducing some of the higher than average levels of man's 
exposure to the natural radiation environment. 
More specific objectives were to: 
1. Obtain and interpret the gamma ray spectra of the 
isotopes contributing to the natural radiation environment 
in various geographical and mineralogical areas, e.g., the 
phosphate areas of Florida and granite areas cf Georgia. 
2. Make similar studies at sites of known 
contamination by man, e.g., in the Oak Ridge area, and 
determine the factors limiting the levels that can be 
analyzed for control of environmental releases from nuclear 
centers. 
3. Determine the radon emanation from the surface of 
structural materials per unit area and per unit quantity of 
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uranium (or radium) in the material to ascertain what 
parameters most strongly influence the emanation, and to 
explore practical methods of minimizing such emanation, 
especially from concrete. 
4. Measure the size of dust particles in the air 
into which radon gas is being emanated and determine whether 
isotopic equilibrium of radon progeny on the particles is 
obtained. 
5. Evaluate the total doses to humans from the 
natural terrestrial radiation sources, especially in certain 
"high-dose environments" such as concrete structures built 
from materials containing relatively high concentrations of 
uranium and thorium. Emphasis was placed on those groups of 
persons exposed to levels of radiation from the natural 
environment that exceed the presumed world average of 95-125 
mrad/year (UNSCEAR 1958) by a factor of two or greater. 
Some of the input data were drawn from the work of others, 
e.g., the internal dose from potassium-40 in the body. 
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CHAPTER II 
GAMMA RADIATION FROM THE GROUND 
Introduction 
Some of the photons emitted by radionuclides 
distributed in the soil and rock near the air-ground 
interface escape without energy loss. The probability of 
escape depends on many parameters including the distribution 
of the radionuclide with depth, the energy of the photon, 
and the composition and density of the soil. In principle, 
sufficient knowledge of the spectrum would permit 
calculation of absorbed dose in man, an inventory of the 
gamma emitting radionuclides on or near the surface of the 
ground, corrections for the energy dependence of response of 
various radiation detectors, etc. It was most apparent that 
knowledge of the spectrum due to the natural radiation 
sources is a prerequisite for identifying levels of 
contaminants from man-made sources which are low compared to 
the natural levels, e.g., 1-5 mrad/year. Sufficient data 
were available from previous studies, e.g., see sov^ral 
papers in Adams and Lowder(1964) ,to demonstrate that many of 
the various photopeaks due to gamma rays from the uranium 
and thorium series and potassium-40 were identifiable, 
However, insufficient information on the spectrum was 
32 
available for characterizing the gamma ray environment for 
fulfilling the objectives of this study. 
In order to describe the radiation environment above 
the ground, several related experiments and calculations 
were necessary. The first step was the calculation of 
fluence for uncollided photons; the second was the 
calibration of a gamma spectrometry system; the third was 
the measurement of fluence as a function of photon energy 
(spectrometry) ; the fourth was the determination of the 
radionuclide content of the soil (by radio chemists and 
analytical chemists) ; the fifth was the measurement of the 
total dose rate above the ground; and the sixth was the 
establishment of empirical relationships between 
radionuclide content of the ground and the dose rate above 
the ground. 
Theo ry 
Experimentally, the quantity most readily determined 
by the spectrometer is the number of counts in the 
"photopeak" which is obtained when the total energy of the 
photon is absorbed in the detector. In order to relate the 
counts recorded in the total energy peak to the density of 
emitting atoms in the soil, a number of factors must be 
taken into account. The primary factors are the efficiency 
of the detector as a function of energy, the absorption of 
gamma rays by the soil and air between the emitter and the 
detector, and the solid angle at the detector subtended by 
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the source. Proper consideration of the effective center of 
the detector as a function of energy permits the assumption 
of a point detector (Notea 1971). Measurements of the 
effective center as a function of energy showed that the 
divergence from a point detector geometry was insignificant 
for the minimum source detector geometry that could be 
obtained in this experiment. Due to the design of the 
detector and its associated dewar, the perpendicular 
distance to the ground from the center of the detector when 
it was in use was 66.3 centimeters and the largest 
correction factor for a point detector geometry was only 0.6 
percent of this distance. Moreover, small angular 
variations in the detector response were also unimportant 
due to the greater distances associated with large angles. 
Referring to Figure 4 to define geometrical terms, 
the counts recorded by the spectrometer in the total energy 
peak equivalent to a gamma ray energy E is given for a 
Y 
s p e c i f i e d volume of e m i t t e r 
dne(Ey) =.e(EY) e x p - s e c e ( y g t + yaD)J n( t ,E y )dv , (1) 
QRNL-DWG 72-12137 
dS= rd4> = (D + t) tan ddtfr 
Fig. 4. Diagram Showing Geometrical Parameters used in Computing Gamma 
Ray Fluences from the Ground. 
co 
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where e ( E y ) is the efficiency of the detector in 
counts/gamma ray. In this formulation the efficiency 
includes the effect of source to detector distance, a 
standard procedure in gamma-ray spectrometry. Photon 
attenuation in air and soil is given by the exponential 
term. The concentration of emitters as a function of E and 
Y 
depth i n the s o i l , t , is n ( t , E ) . 
The volume e lement i s r dr d$ d t o r , s i n c e i t i s 
p o s s i b l e t o w r i t e r as (D + t ) s e c 2 0 , (D + t ) 2 sec 2 e tan 
9 d<fs d t d 8. Be cause e d 2 = k(E ) w i t h d = d i s t a n c e and k = a 
Y 
constant for a given energy, the variation of efficiency 
with distance can be written as e = k(E)/d2. Using all of 
these values gives 
dne(Ey) 
n(t ,EY )k(E y ) exp — sec 0 (y t + y D) 
(D + t ) 2 sec 
(2 ) 
(D + t ) 2 sec 8 tan e de dt d<$> 
-
= n( t ,E y )k(EY ) expf- sec 0 (y g t + yaD)j tan e de dt d$ . ( 3 ) 
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The linear attenuation coefficients of soil, y e and 
air P a are also energy dependent, but for a given energy 
this equation can be integrated 
/ • < ! > / • « / • TT/2 r 
n e ^ M / / / n( t$EY )k(E y ) exp - sec e ( y g t + yaD) ' 
J-6 Jo Jo 
(4 ) 
t a n e de d t d<j> . 
I n d e f i n i t e * ' s are shown t o a l l o w f o r c o n s i d e r a t i o n s o f t h a t 
p a r t o f t h e s o l i d ang le s h i e l d e d f rom the d e t e c t o r by the 
dewar . Now 
f™ f^/z r i 
ne(Ey) - 24>k(EY)# n ( t , E y ) d t / exp - sec e ( y p t + y D) tan e de (5 ) 
Jo Jo L e a j 
Let 
then 
y = (u t + u D) sec e , 
e a 
dy = ( p t + y D) sec e tan e de 
e a 
= y tan e de , 
so 
f n ( t , EY )d t / 
- M e a 
— dy . 
(6) 





n ( t , EY)dt [E^ygt + yaD)J dt , (9) 
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w h i c h can be s o l v e d i n g e n e r a l f o r any f o r m o f n by a 
n u m e r i c a l i n t e g r a t i o n . A d i f f e r e n t a p p r o a c h i s p o s s i b l e i f 
n e q u a l s a c o n s t a n t . Then 
n e (EY ) = 2cjink(EY) / e 
/ 
• /2 -v-D sec e 
tan e de # e 
*o 
00 —y t sec 
e dt 
= 24>nk(EY) / e 
/ 
TT/2 —p D sec 
tan e d© 
-~vt sec 
. e 
-\i sec e 
= 24>nk(Ey) / 
- i i B sec 0 
V 2 e t a n 9 d e 




To i n t e g r a t e ( 1 2 ) , l e t y = sec e , t h e n dy - sec e t a n 8 d e $ s 
e s 0 i m p l i e s y s 1 , e - TT/2 i m p l i e s y s «°. 
n e ( E Y> = v 
2*nk(E v ) /•»
 y a D y 
_ / S dy 
Ji y 
(13) 
T h u s , f o r a u n i f o r m d i s t r i b u t i o n 
24>nk(Ey) 
ne ( EY> = — u E 2 ( u a D ) • (14) 
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This approximation was used to reduce the data that were 
collected during a number of measurements. Distributions 
decreasing exponentially or linearly with depth might be 
better approximations but a uniform distribution was chosen 
as consistent with the quality of the data obtained. Other 
approaches to this problem are also possible (Anspaugh 
1972). Most approaches require more information about the 
detector than was available at the time these data were 
obtai ned. 
For these calculations the air density was taken to 
be 1.15 milligrams per cubic centimeter (corresponding to 23 
degrees centigrade temperature and 730 millimeters Hg 
pressure) and the density of the soil was assumed to be 2.25 
grams per cubic centimeter, which is arbitrarily based on 
the density of silicon. To allow for attenuation by the 
dewar and its contents, a solid angle was obtained by 
integrating over the polar angle from zero to tr/2 radianss 
and the azimuthal angle from 0 to 5.2 radians. 
From the reported results of other workers, e.g., 
several papers in Adams and Lowder (1964), it was clear that 
with the relatively poor resolution of Nal detectors (about 
15 percent) compared to Ge(Li) (always much less than one 
percent in the energy range of interest) that the ratio of 
photopeak height to Compton continuum was two or a little 
greater for the 6-8 more prominent peaks of the natural 
gamma-ray environment. With the better resolution of the 
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Ge(Li) detector, the ratio was expected to be higher, at 
least as great as 10, but it was also clear that it would 
depend on the experimental conditions, especially the ratio 
of uncollided to scattered photons in the environment. 
Because this ratio could not be calculated in practical 
cases due to cost (it would have to be done for each 
different experimental site) , it was not attempted though 
the large computers and complex codes for such a calculation 
were available. Instead, the approach outlined above and 
simple codes were used in a semi-empirical evaluation. 
Spectrometer System 
The primary measurements of the natural radiation 
environment were based on gamma-ray spectrometry. The most 
important reason for using gamma-ray spectrometry rather 
than dosimetry is that the contribution of a specific 
radionuclide can generally be determined. An accurate 
measurement of the fluence of photons originating from the 
various naturally occurring nuclides was needed to compare 
with calculations, to provide a basis for relating fluence 
and radionuclide concentrations in the soil, and to test for 
disequilibrium in the uranium and thorium decay chains. 
Because there is still some worldwide contamination of the 
land surface and near subsurface produced by nuclear 
weapons, added importance must be placed on the accurate 
identification of the various radionuclides contributing to 
the total gamma-ray exposure. 
40 
Until recently, field spectrometry was accomplished 
by using scintillation spectrometers, usually Nal (see for 
example, Lowder zt at. (1964), Wollenberg and Smith (1964), 
Adams and Fryer (1964), and Beck it al. (1964). However, 
due to the limited resolution of photon energy with this 
system (usually 10-15 percent of the photopeak energy) many 
energies contributed to the response in a given photopeak 
region. The extent of this response made calibration for 
the many peaks of the uranium and thorium series difficult 
and the accurate identification of many nuclides impossible 
by this technique, 
The development of a spectrometry system based upon 
germanium diode detectors has eliminated many of the 
problems associated with scintillation spectrometers. 
Lithium drifted germanium detectors, Ge(Li), are remarkable 
for their high resolution of photon energy. This resolution 
is typically 2-3 keV for 1 MeV photons (full-width,half-
maximum), but ranges from less than 100 eV in the 1-5 keV 
region to approximately 4 keV for photons of 3 MeV (Krugten 
and Van Nooijen 1971 and Hamilton and Manthuruthll 1972), 
Although Ge(Li) detectors have a lower sensitivity in terms 
of "counts per photon" than do Nal scintillators, their 
higher resolution permits statistically significant spectral 
data to be obtained 1n approximately the same amount of 
time. Such detectors and their associated equipment are 
commercially available from several sources. A sketch of 
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the detector, having an active volume of 50 cubic 
centimeters, used in this study 1s given in Figure 5. The 
inner cylinder represents the "undrlfted" region, i.e., the 
volume 1n which no lithium 1s Incorporated and is therefore 
a "dead" or non-sensitive volume. The diagram of the 
spectrometry system is shown in Figure 6 and photographs of 
the field apparatus are shown in Figures 7 and 8. All of 
the field equipment was mounted or transported in a one and 
one-half-ton van truck. The van was air conditioned and 
equipped with a gasoline-powered generator for providing 
electrical power at remote sites. The multichannel analyzer 
(MCA), used early in the study had only 512 channels* and 
this necessitated as many as 10 measurements at a single 
location in order to obtain the gamma-ray spectrum to the 
accuracy required. Later 1n the study measurements were 
made using a 4096 channel analyzer* Because all components 
of the spectrometry system are commercially available from 
several sources, no further details will be given here. 
Other Equipment 
Although the spectrometer system was the major item 
of field equipment, other equipment used either in the field 
or for analyses of samples from the field is included here 
for convenience of grouping though some items are related 
more directly to the radon studies reported in Chapter II!. 
Significant components are: (1) sensitive scintillation 




Fig. 5. Lithium Drifted Germanium Detector: Form 
and Dimensions. 
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Fig.6 . Block Diagram of Ge(Li) Spectrometer System and 
Diagram of Input Circuitry. 
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Fig.8. View of Interior of Van Laboratory. 
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electron microscope, and (3) various types of radiochemical 
equipment, including neutron-induced fission facilities. 
Field Experiments 
In the early design of the field experiments, 
discussions were held with researchers who had previously 
reported results from studies or surveys in the Southeastern 
and New England areas of the United States. Later, contacts 
were established with the State Departments of Public Health 
in Florida, Georgia, and Kentucky and their cooperation 
was given in final arrangements for the studies in their 
respective states. After a study of the Georgia granite 
area around Stone Mountain and a comparison of reports 
containing earlier work in Georgia and New England, the New 
England study was deleted because the physical data there 
should compare closely with Stone Mountain. 
The main objectives of the field experiments were the 
measurements of the photon fluences from the ground as a 
function of energy, radiochemical sampling of soil and rock, 
and measurements of radioactivity on particulates in the 
air. Air samples were analyzed for radioactivity in the 
field, but size distributions of the collected particulates 
were made in the laboratory. 
Measurements with Ge(Li) detectors were made at 
several sites near the Oak Ridge National Laboratory (ORNL) , 
at two sites in Florida, one site in Georgia, and two sites 
in Kentucky, as shown in Table 5. Measurements with 
Table 5. Field Measurement Sites and Survey Instrument Readings 
Average Exposure Rate 
(urad/hr)* General Location Site Specification 
Oak Ridge, Tennessee 
Whitley City, 
Kentucky 
Old EGCR** area(no contamination ever allowed 
at this site) 
Cesium field used for ecology studies 
Former storage area for contaminated equipment, 
chiefly 235|j contamination 
Shale outcrop area near Tennessee 58-95 intersection 
Eleven miles west; Yamacraw section; three miles 
south of Kentucky 92—valley with smouldering slag 
heap (mining ceased approximately 1950) 
Manchester, Kentucky One mile south of Manchester in drive-in theater 
Atlantic Beach, 
Fl ori da 
Beach home of relative of staff member, Florida 





Fl ori da t 
Civic center grounds in park playground 
Granite quarry area three miles east of public 
center buildings 
Highways and other paved or graveled areas using 
granite aggregate 
Highways and other paved or graveled areas using 
phosphate rock aggregate, especially in Polk 
County area 
"*" Excluding approximately" 4" microrad' per" hour from cosmic rays'." 
** Site of Experimental Gas-Cooled Reactor which was never finished or fueled 



















scintillation survey instruments alone were made in numerous 
places in all four states, and especially along highways 
that were constructed with uranium or thorium bearing 
materials as aggregate. In general, spectroscopic 
measurements were made on the flattest and smoothest terrain 
having the highest radiation background as determined by the 
scintillation survey instrument. A notable exception was at 
Bartow, Florida, where the highest background was too high 
for proper performance of the MCA. The Bartow measurements 
were made at a site having a dose rate of approximately 100 
microrads per hour. 
Procedures 
Calibration 
Before use can be made of the pulse height data 
obtained from any gamma-ray spectrometer, calibration is 
required. Two factors must be considered, pulse height 
versus incident photon energy and counts per incident 
photon. For a simple, source geometry (e.g., a source, 
small enough to be considered a point, is placed along the 
detector axis at a fixed distance from the front face of the 
detector) efficiency can be determined by using sources of 
known energy and yield. Such an approach is useless when 
the source consists of a plane below the detector. In this 
case, one may combine a knowledge of the efficiency for a 
source on the plane directly below the detector and the 
angular response of the detector to obtain an efficiency 
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integrated over the total useful solid angle (Anspaugh 
1972). The difficulty of measuring the angular response at 
enough angles, particularly at angles near 180 degrees, 
coupled with the essentially three-dimensional response 
function that must be handled, makes this approach a 
difficult one* Moreover, the angular integration is 
necessary regardless of the distribution function selected 
to represent the concentration of the radionuclides on or in 
the plane. Therefore, an approach more readily realized by 
experimentalists is the assumption of a point detector 
already discussed* The data necessary to implement this 
approach are obtained by measuring the response of the 
detector to known sources placed at a number of distances 
from the can housing the detector. 
Assuming a point detector, the product of the 
efficiency in counts per source garnma ray and the distance 
squared should be a constant for a given energy* That is, 
2 
e'd = k(E ) . Assume d is composed of two factors, l% the 
Y 
distance from the source to the surface of the detector 
enclosure, and c, the distance from there to the effective 
2 i 
center of the detector. Then, e(i + c) s k or E^(I + c) = 
i-
k"2 so that the result is an equation for a straight line of 
i- \* 
the form y s mx + b with y = l/e2» x = i, m = 1/k'2 and b s 
c/k2 . Conversely if a quadratic form is used, the 
2 
parameters may be written y = 1/e, x = £» ao = c /k, ai 
2c/k and az s 1/k. 
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Data were taken w i t h a se t o f sources whose e n e r g i e s 
are w e l l known and whose y i e l d were g i ven to ±5 p e r c e n t . 
The sources used were c o b a l t - 5 7 w i t h gamma rays at 121.9 and 
136.3 keV, sodium-22 w i t h an a n n i h i l a t i o n gamma ray o f 511.0 
keV and a gamma ray at 1274.6 keV, manganese-54 w i t h a gamma 
ray at 834.8 keV and c o b a l t - 6 0 w i t h gamma rays a t 1173,2 and 
1332.5 keV. A l l source s t r e n g t h s were about one m i c r o c u r i e 
of a c t i v i t y a t the t ime they were assayed . C o r r e c t i o n s f o r 
decay were made to o b t a i n the number o f gamma rays per 
second each source y i e l d e d at the t i m e o f the e x p e r i m e n t . 
Perhaps sources w i t h assays more p r e c i s e than 5 p e r c e n t 
would have been d e s i r a b l e but t h i s u n c e r t a i n t y was l e s s than 
t h a t f o r most o f the measurements o f n a t u r a l l y o c c u r r i n g 
gamma r a y s . Because the h i g h e s t energy i n t h i s source se t 
was w e l l below the h i g h e s t n a t u r a l energy o f i n t e r e s t 
( t h a i 1 iurn-208 at 2614.5 keV) , i t was supp lemented w i t h an 
y t t r i u m - 8 8 source (gamma rays a t 898.0 and 1836 .1 keV] f rom 
a somewhat aged I n t e r n a t i o n a l Atomic Energy Agency (IAEA) 
s t a n d a r d source se t and a smal l sod ium-24 source (gamma rays 
at 1368.5 and 2753.9 keV) made by expos ing NaCl to the 
H e a l t h Phys ics Research Reactor (HPRR) . In the l a t t e r case 
data o b t a i n e d w i t h the known sources had to be used to f i n d 
a source y i e l d . 
A number o f measurements were made w i t h the bas te 
source s e t . They were made in f r o n t o f the d e t e c t o r a long 
i t s ax i s and a t r i g h t ang les t o t h i s ax i s a t p o s i t i o n s above 
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and below and on either side of the detector. Except in a 
direction below the detector measurements were made at 10, 
20, 40, 60, and 80 centimeters from the detector enclosure. 
Three independent runs were made at each distance to 
minimize errors in the distance measurements. The sources 
were positioned by mounting them in the center of a sheet of 
paper stretched over a six-inch ring mounted on a ring 
stand. Below the detector, measurements were made only 
once, at 10, 20, 40, and 60 centimeters. Only one set of 
measurements were made because a number of other 
measurements were made with the source on the floor below 
the detector. In each case, a source was simultaneously 
measured in each of the five positions. The differences in 
the energies allowed correlation of each measurement with 
its proper position. A set of measurements at 10 and 20 
centimeters from the estimated center of the detector were 
also made as a function of angle, in 15 increments. These 
were made to be used with the floor measurements if the 
technique of Anspaugh (1972) was used for data reduction. 
All of these measurements were made in a low-scatter room at 
some distance from the insulated thin steel walls and over 
a floor consisting of thin steel sheets. The low yield of 
the yttrium-88 and sodium-22 sources limited measurements to 
10 and 40 centimeters. 
The counts in the peak channel were extracted from 
the data by a computer program. Numerous programs have 
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performed this function and many have been described in 
previous publications. Most were felt to be too elaborate 
for this application since they are mostly for nuclear 
physics applications where the energies to be measured are 
mostly unknown and the possibility of doublets and triplets 
must be considered. In this application most of the 
energies of interest have been well established and do not 
involve doublets or triplets. The program written for this 
purpose used a smoothing technique to obtain a second 
difference of the data. Where this difference value was 
negative and exceeded its uncertainty by a factor of 2.6 (99 
percent confidence) for at least three channels, a weighted 
average of the channel numbers was made using these data. 
Such a weighted average corresponds to a centroid 
calculation. With this value for the center of the peak, a 
point was chosen eight channels on either side and three 
channels a v e r a g e , to establish a background. By assuming 
that a linear function described the background, at least 
over a 17-channel interval, the data were summed and the 
calculated background subtracted. When this net count was 
negative, due to two peaks occurring less than 16 channels 
apart, the interval was decreased and the net counts 
recalculated. Programs using Gaussian fitting routines were 
also tested, but the results did not justify the added 
complication in the data reduction, 
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The net counts/second were divided by source yields 
to obtain counts/gamma ray. These values were averaged 
using a weighted average based upon a quadratic approach 
discussed earlier. The effective centers varied 
considerably but the values of m and a yielded consistent 
values for k. Ultimately the values from the linear 
approach were used. Besides being somewhat more consistent, 
the uncertainties in these values could be calculated 
readily. These uncertainties permitted weighted averages to 
be made. Moreover, the limited data from yttrium-88 and 
sodium-22 could only be handled in a linear fashion and 
these points were believed to be necessary. 
To obtain the values for k at all energies from 100 
to 2700 keV a power function was fitted to the data. 
Although an approximation, it was thought to be consistent 
with the overall quality of the data. 
Calibration of the energy scale was much more 
precise. When weighted averages of all of the centroid 
values were used, the coefficients of a quadratic function 
were obtained from a least squares technique. This function 
fitted the data to within 0.03 percent over the entire 
energy range. A linear function also fitted the data to 
within 0.3 percent so that no effort was made to correct the 
data for the small fluctuations in energy represented by 
each channel . 
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Experimental Data 
Gamma-ray spectra were measured at a wide variety of 
locations with widely varying sources of natural background. 
Not all of the measurements were made in geometries suitable 
for the type of data reduction already discussed. Those 
that were suitable came from a wide variety of locations: 
(1) over a concrete slab floor in a metal-sided buildingt 
(2) near a field that was charged with cesium-137 for 
ecology experiments, (3) over an old radioactive waste 
storage ground, (4) over the slag pile of a coal mine in 
Whitley City, Kentucky, (5) at a playground in Bartow, 
Florida--a city in the midst of the Florida phosphate mining 
region, and (6) at the quarry associated with Stone 
Mountain, Georgia. 
All of these data were limited somewhat by the data 
handling equipment available. These data were obtained in 
a series of energy intervals using a 512-channel 
multichannel analyzer. This necessarily piecemeal approach 
to the data acquisition led to a number of problems in 
reducing the data. The form used for taking the data 
included a measurement of a cobalt-60 source coupled with 
nearby setting of a precision pulser as the calibration. 
Each subsequent set of data was spanned by points recorded 
from the precision pulser. The centroids and counts in the 
peaks were obtained from the data using a computer program 
that operated with the same algorithms used in the 
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calibration program described above. 
Assuming the precision pulser was linear (a good 
assumption), it was calibrated by using the pulser peaks 
associated with the cobalt-60 data to determine a zero 
channel correction for these data* This correction was used 
to find a ratio between the measured data and the standard 
data. With this ratio the exact energies of the pulser 
peaks were calculated using the quadratic formula determined 
during the calibration. Next, ratios of the calculated 
energies to the energy values on the pulser were obtained. 
This precisely calibrated the pulser scale to an energy 
scale. A calibration factor was obtained by averaging the 
two ratios. It should be noted that precise energy values 
are not required for the first step of finding the zero 
correction as long as there is a linear relationship between 
pulser settings. 
For each subsequent set of data in a given run the 
energy represented by the recorded pulser settings was 
obtained by using the correction factor to calculate an 
energy per channel for each data set, these values were 
coupled with the centroid values found by the computer for 
the pulser data. To make some allowance for the not quite 
linear response of the detector as a function of energy, the 
energy per channel was divided into 1332.5 to find the 
equivalent peak channel for cobalt-60. A ratio of this 
value to the calibration peak channel gave a correction 
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factor so that the centrolds of unknown peaks could be 
converted to energies using the quadratic formula* To do so 
also required using the pulser data to obtain a zero channel 
correction* It is recognized that division of the cobalt-60 
energy by the energy per channel of the data set assumes a 
linear E versus channel relationship. As a result energy 
values were considered to have at least a 0,2 percent 
error. 
In all cases the gamma-ray energies were those 
published in Hu.dlo.ati Data by Wakat (1971). Thust the 
energies calculated were compared with this listing to 
determine their origin. These data were also correlated 
with the data of Martin (1970), also in Nu.cle.aK data. This 
second listing generally correlated well but contained much 
less information than the first. 
Since a uniform deposition of radionuclides in the 





e " dy 
(15) 
where the quantity in brackets is the function commonly 
referred to as ^ ^ a 0 ^ * w a s calculated for a number of 
energies from 100 to 3000 keV (see Table 6). The values for 
the earth attenuation coefficients were determined from data 
published by Storm and Israel (1970). A program in "basic11 
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language was used to calculate the E values. R values for 
the energies 1n the data were found above 200 keV by a 
Gaussian backward Interpolation technique. Little useable 
data were obtained below 200 keV. The resulting factors 
were used to determine the gamma rays per cubic centimeter 
for each observed energy. By Including the yield 
(gammas/decay) for each Identified line, a concentration in 
curies/cubic centimeter could be found and from half-Hves 
a concentration in atoms/cubic centimeter. Some 
representative final data are shown in Tables 7-13. A 
surprising number of the observed gamma-ray energies could 
not be identified as belonging to members of either the 
uran1um-238 or thorium-232 series. 
Discussion of Results 
In the tables of identified gamma rays, the final 
column should be a constant for any given Isotope in a given 
data set. Considerable deviations exist in the data. Some 
possible reasons for such differences can be postulated. If 
the gamma-ray energy was assigned incorrectly, an improper 
Isotope may have been found and thus incorrect values would 
be obtained. Any errors 1n calculating the area of the 
peaks would also show up in proportional errors 1n these 
values. The simple summing technique can produce a total 
that is lower than 1t should be, when the peak being 
measured is near to another peak or near the Compton edge of 
a strong peak. There is some evidence that this might have 
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Table 6. Ratio R of Counts in Photopeak to Gamma Rays 
Emitted Per Cubic Centimeter of Soi l 
Ey ua D E« (ya D) ye k R 
100 1.72 E-3 0.9883 0.1008 0.7940 40.481 
150 1.89 0.9873 0.0690 0.5596 41.637 
200 2.04 0.9865 0.0651 0.4365 34.396 
300 2.20 0.9856 0.0661 0.3076 23.850 
400 2.26 0.9853 0.0671 0.2400 18.326 
500 2.27 0.9852 0.0671 0.1980 15.117 
600 2.26 0.9853 0.0671 0.1691 12.912 
800 2.21 0.9856 0.0646 0.1320 10.472 
1000 2.14 0.9859 0.0627 0.1088 8.896 
1500 1.96 0.9869 0.0579 0.0767 6.798 
2000 1.82 0.9877 0.0545 0.0598 5.636 
3000 1.61 E-3 0.9890 0.0497 0.0422 4.367 
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occurred in some cases. Different sources give a reasonably 
wide variation of abundance values for a given energy. 
These uncertainties would have an effect, particularly when 
low abundance lines were involved* If the data varied with 
energy in some systematic way, then assumption of uniform 
distribution might be suspect. In fact, such data might be 
used to calculate a correct distribution factor. Such does 
not appear to be the case for these data. 
The summary data include weighted means and 
deviations when more than one line was observed from a given 
isotope. While the levels that were observed would give 
considerable weight to the assumption that spectrometry is 
a technique capable of measuring the low levels being 
considered for protection around power reactors, the 
uncertainties in these averaged values may give a somewhat 
more realistic basis for evaluating the capabilities of the 
technique. 
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Table 7. Identified Gamma Ray Lines at EGCR Site 
Probable 
Ey keV) Ci/cc of EY Isotope y/Decay Ci/cc of Soil 
330.2 1.15 ± 0.41 x 10™13 2 3 4Pa 0.0100 1.15 ± 0.41 x 10"1 1 
352.3 1.22 ± 0.25 x 10"1 3 214Pb 0.3600 3.39 ± 0.69 x 10™13 
609.5 1.43 ± 0.42 x 10"1 3 214Bi 0.4700 3.04 ± 0.89 x 10""13 
661.3 1.34 ± 0.24 x 10"1 3 137Cs 0.8600 1.56 ± 0.28 x 10™13 
787.4 2.99 ± 0.46 x 10"1 3 214Bi 0.0120 2.49 ± 0.38 x 10"11 
1461.0 5.06 ± 0.43 x 10"1 3 40K 0.1100 4.60 ± 0.39 x 10~12 
1806.4 6.56 ± 2.54 x 10~14 212Bi 0.0015 4.37 ± 1.69 x 1G"11 
Summary 
2 3 4Pa 1.15 ± 0.41 x 10™11 Ci/cc 
214Pb 3.39 ± 0.69 x 10"1 3 Ci/cc 
214Bi 5.76 + 3.17 x 10"1 3 Ci/cc 
212Bi 4.37 ± 1.69 x 10"1 1 Ci/cc 
40K 4.60 + 0.39 x 10"12 Ci/cc 
137Cs 1.56 ± 0.28 x 10"1 3 Ci/cc 
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Table 8. Identified Gamma Ray Lines at Cesium Field Si te 
EY(keV) Ci/cc of EY i s o t o p ^ ^/Decay Ci/cc of Soil 
328.0 1.19 ± 0.62 x 10~13 
351.9 2.33 ± 0.66 x l ( f 1 3 
510.9 5.61 ± 5.16 x 10~14 
583.7 2.90 ±0.72 x 10~13 
609.7 2.10 ± 0.51 x 10~13 
661.5 4.48 ± 0.50 x 10"1 3 
786.2 5.87 ± 0.64 x 10"1 3 
910.3 1.12 ± 0.37 x Kf 1 3 
954.9 6.46 ± 0.70 x 10"1 3 
1461.1 1.20 ± 0.06 x Kf 1 2 
214Pb 6.47 ± 1.83 x Kf 1 3 Ci/cc 
214Bi 4.66 ± 9.96 x 10~13 Ci/cc 
210T1 3.73 ± 1.23 x 10~12 Ci/cc 
228Ac 2.25 ± 1.17 x Kf 1 2 Ci/cc 
212Bi 2.02 ± 0.22 x 10"10 Ci/cc 
m^— 0.0530 2.25 + 1.17 x 10-12 
Pb 0.3600 6.47 ± 1.83 X -13 10 i 0 
208T1 0.0940 5.97 ± 5.49 x -13 10 i J 
208T1 0.3100 9.35 ± 2.32 x -13 10 i J 
214Bi 0.7400 4.46 ± 1.09 x -13 10 i J 
137Cs 0.8600 5.21 ± 0.58 X Kf 1 4 
214Bi 0.0120 4.89 + 0.53 x io~ n 
210T1 0.0300 3.73 + 1.23 x -12 10 
212 ^ B i 0.0032 2.02 + 0.22 X 1 0 - io 
40K 0.1100 1.09 + 0.05 x Kf 1 1 
Summary 
208T1 8.84 ± 1.21 x 10™13 Ci/cc 
40K 1.09 ± 0.05 x 10"1 1 Ci/cc 
137Cs 5.21 ± 0.58 x 1 0 ' 1 4 Ci/cc 
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Table 9. Identified Gamma Ray Lines at Storage Area Site 
Ey (keV) Ci/cc of Ey isotope^
 y / D e c ^ Ci/cc of Soil 
2 3 8 . 1 * 3.44 ± 0.70 X 
«13 
10 ^ 212 p b 0.4700 7.32 + 1.49 X 1 0 - 1 3 
293.4 1.49 + 0.42 X 
-13 
10 iJ 2 3 4 P a 0.0420 3.55 ± 1.00 X 10~1 2 
339.3* 1.08 ± 0.57 X 
-13 
10 i6 2 2 8 Ac 0.1500 7.20 + 3.80 X 1 0 - 1 3 
352.1 2.52 ± 0.41 X 
-13 
10 1 J 2 1 4 Pb 0.3600 7.00 ± 1.14 X 1 0 - 1 3 
510.3 1.70 + 0.38 X 
-13 
10 i a 208-n 
Tl 
0.0940 1.81 ± 0.40 X 
-1? 
10 lL 
583.7 2.82 ± 0.55 X 
-13 
10 i6 208T1 0.3100 9.10 ± 1.77 X 1 0 " 1 3 
609.7 3.95 ± 0.57 X 
-13 
10 iJ 2 1 4 P b 0.4700 8.40 ± 1.21 X 
-13 
10 1 J 
661.4 3.19 ± 0.09 X 
-12 
10 lc 1 3 7 Cs 0.8600 3.71 + 0.10 X 1 0 -12 
727.2 4.44 + 4.24 X ID" 1 4 2 1 2 Bi 0.0720 6.17 + 5.89 X 
-13 
10 i<5 
911.2 2.57 + 0.31 X 
-13 
10 l6 
210T 1 0.0300 8.57 ± 1.03 X 
•i /*\ ™ J . cL 
1240.2 8.93 + 4.46 X 
-14 
10 ^ 2 1 4 Bi 0.0600 1.49 ± 0.74 X 
-12 
10 lc 
1462.0 6.99 + 0.59 X 
-13 
10 i J 
4 0 , 0.1100 6.35 + 0.54 X 10~1 2 
1767.4 2.02 + 0.33 X -13 10 i 0 2 1 4 Bi 0.1700 1.19 + 0.19 X -12 
10 lc 
2617.5 4.21 + 0.43 X 
-13 




2 3 4Pa 3.55 ± 1.00 x 10"12 Ci/cc 
214Pb 7.00 ± 1.14 x 10"1 3 Ci/cc 
214Bi 9.51 ± 1.74 x 10"1 3 Ci/cc 
210T1 8.57 ± 1.03 x 10"12 Ci/cc 
(Cont'd.) 
63 
Table 9. (Cont'd.) 
Summary 
228Ac 7.20 ± 3.80 x 10"1 3 Ci/cc 
212Pb 7.32 ± 1.49 x 10"1 3 Ci/cc 
2 1 2Bi 6.17 ± 5.89 x 10"1 3 Ci/cc 
208T1 1.13 ± 0.21 x 10"1 2 Ci/cc 
40K 6.35 ± 0.54 x 10~12 Ci/cc 
137Cs 3.71 ± 0.10 x 10"1 2 Ci/cc 
*The isotope corresponding to th is energy could not be pos i t i ve ly ident i -
f i ed fo r an associated energy uncertainty of ± 0.2% but apparently could 
be pos i t i ve ly i den t i f i ed for an energy uncertainty of ± 0.4%. 
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Table 10. I den t i f i ed Gamma Ray Lines at Whitley C i ty , Ky.x Site 
Ey(keV) Ci/cc of Ey Isotope6 ^/Decay Ci/cc of Soi l 
4.35 ± 0.65 x 10~12 
4.43 ± 0.84 x 10~13 
3.79 ± 1.41 x 10~13 
6.42 ± 0.56 x 10™13 
7.63 ± 2.63 x 10~13 
4.74 ± 0.94 x 10~13 
8.45 ± 0.64 x 10"1 3 
1.79 ± 0.59 x 10" U 
3.42 ± 0.68 x 10~12 
9.26 ± 0.90 x IO"11 
6.93 ± 1.40 x 10~12 
2.32 ± 2.09 x 10™13 
1.75 ± 0.12 x 10~10 
8.47 ± 2.76 x 10™13 
6.80 ± 2.30 x IO™11 
8.25 ± 0.72 x 10"12 
5.97 ± 0.61 x 10"1 3 
(Cont'd.) 
235.9 2.64 + 0.47 X 
-13 10 i J 234mn Pa 
241.3 1.61 + 0.24 X 
-13 10 i J Ra 0.0370 
294.7 8.41 + 1.60 X lo"14 214Pb 0.1900 
338.2 5.69 + 2.12 X io-14 228Ac 0.1500 
352.1 2.31 + 0.20 X 
-13 10 i J 214Pb 0.3600 
510.8* 7.17 + 1.47 X IO"14 208T1 0.0940 
584.5 1.47 + 0.29 X 
-13 10 iv3 208T, 0.3100 
610.2 3.97 + 0.30 X IO"13 2 1 4Bi 0.4700 
723.2* 1.25 + 0.41 X 
-13 
10 
2 1 4Bi 0.0070 
767.6 1.71 + 0.34 X 
-13 10 
214 0.0500 
836.5 7.41 + 0.72 X 
-13 10 x 214Bi 0.0080 
911.0 2.08 + 0.42 X I O ' 1 3 210T1 0.0300 
966.8 4.65 ± 4.18 X IO"14 228Ac 0.2000 
1002.4 1.05 + 0.07 X IO"12 
234mpa 0.0060 
1120.2 1.44 + 0.47 X IO"13 214Bi 0.1700 
1441.5* 1.36 + 0.46 X IO"13 2 1 4Bi 0.0020 




2611.7 2.15 + 0.22 X 
-13 10 L 208T1 0.3600 
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Table 10. (Cont'd) 
S umma ry 
234mpa L 7 5 ± QA2 x 10-10 C i / c c 
2 1 4Pb 5.81 ± 0.92 x 10" 1 3 Ci/cc 
2 1 4Bi 8.73 ± 7.21 x 10" 1 3 Ci/cc 
2 1 0T1 6.93 ± 1.40 x 10"1 2 Ci /cc 
2 2 8Ac 3.33 ± 0.68 x 10" 1 3 Ci/cc 
2 2 4Ra 4.35 ± 0.65 x 10"1 2 Ci/cc 
2 0 8T1 5.68 ± 0.67 x 10" 1 3 Ci/cc 
40K 8.25 ± 0.72 x 10" 1 2 Ci/cc 
*The isotope corresponding to th i s energy could not be pos i t ive ly ident i -
fied for an associated energy uncer ta inty of ± 0.2% but apparently could 
be pos i t ive ly iden t i f i ed for an energy uncertainty of ± 0.4%. 
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Table 11. Identified Gamma Ray Lines at Atlantic Beach, Fla. , Site 
Ey (keV) Ci/cc of Ey Probable 
Isotope 
Y/ Decay Ci/cc of Soil 
473.3* 1.41 ± 0.75 x 10"1 3 226Ra 0.0008 1.76 ± 0.94 x 10"1 0 
486.1* 7.69 ± 3.27 x 1 0-14 214Pb 0.0033 2.33 ± 0.99 x IO ' 1 1 
511.1 2.28 ± 0.46 x 
-13 
10 iv3 
208T, 0.0940 2.43 ± 0.49 x 10~12 
581.5* 4.06 ± 0.49 x 10"1 3 208T, 0.3100 1.31 ± 0.16 x 10"12 
607.4* 7.38 ± 0.42 x 10"1 3 214Bi 0.4700 1.57 ± 0.09 x 10~12 
718.9 1.73 ± 0.11 x 1G"12 226Ra 0.0042 4.12 ± 0.26 x IO"10 
733.7 1.30 ± 0.77 x 
-13 10 2 3 4Pa 0.0900 1.44 ± 0.86 x IO"12 
912.3* 2.98 ± 1.32 x 10"1 3 210T1 0.0300 9.93 ± 4.40 x IO"12 
934.4 2.10 ± 0.13 x 10~12 214Bi 0.0300 7.00 ± 0.43 x IO™11 
969.2* 2.95 ± 0.62 x 10~13 228Ac 0.2000 1.48 ± 0.31 x IO™12 
1116.7* 3.11 ± 0.53 x 
-13 10 iv3 214Bi 0.1700 1.83 
-12 
± 0.31 x 10 ld 
1404.0 2.43 ± 0.93 x 
-13 10 i J 214Bi 0.0170 1.43 ± 0.55 x IO"11 
1460.0 2.70 ± 0.15 x 
-12 10 l 40, 0.1100 2.45 ± 0.14 x IO™11 
1761.6 3.37 ± 0.38 x 10™13 214Bi 0.1700 1.98 ± 0.22 x IO"12 
2616.9 7.94 ± 0.45 x 10"1 3 208T1 0.3600 2.21 ± 0.12 x IO"12 
(Cont (d.) 
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Table 11. (Cont'd.) 
Summary 
2 3 4Pa 1.44 ± 0.86 x 10"12 Ci/cc 
226Ra 3.95 ± 0.61 x 10"10 Ci/cc 
214Pb 2.33 ± 0.99 x 10"11 Ci/cc 
214Bi 1.67 ± 1.30 x 10"12 Ci/cc 
210T1 9.93 ± 4.40 x 10"12 Ci/cc 
228Ac 1.48 ± 0.31 x 10"12 Ci/cc 
208T1 1.91 ± 0.44 x 10"1Z Ci/cc 
40K 2.45 ± 0.14 x 10"1 1 Ci/cc 
*The isotope corresponding to this energy could not be posi t ively identi-
fied for an associated energy uncertainty of ± 0.2% but apparently could 
be posi t ively ident if ied for an energy uncertainty of ± 0.4%. 
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Table 12. Identified Gamma Ray Lines at Bartow, F la . , Site 
[Second Run (Playground)] 
EY (keV) Ci/cc ( 3f EY 
Probable 
Isotope Y/Decay Ci/cc of Soil 
240.1* 1.08 + 0.29 X •\ f\ ~ X C. 224Ra 0.0370 2.92 ± 0.78 x IO"11 
293.5 2.15 ± 0.12 X io-12 2 3 4Pa 0.0420 5.12 ± 0.29 x IO"11 
351.8 3.94 ± 0.20 X 
-12 10 lc 214^L 1 Pb 
0.3600 1.09 ± 0.06 x IO™11 
609.9 7.02 + 0.25 X IO"12 214Bi 0.4700 1.49 ± 0.05 x 1 0 " n t 
724.8* 3.56 + 1.28 X IO"1 3 212Bi 0.0720 4.94 ± 1.78 x IO ' 1 2 
767.8 9.15 ± 1.91 X 
-13 
10 l* 2 1 4Bi 0.0500 
- 1 1 
1.83 ± 0.38 x 10 l i 
936.3 3.98 + 1.81 X 
»13 10 214Bi 0.0300 1.33 ± 0.60 x IO"11 
1124.7 2.71 + 0.14 X IO"12 2 3 4Pa 0.0170 1.59 ± 0.08 x IO"10 
1159.1* 3.35 + 1.07 X IO"13 214Bi 0.0180 1.86 ± 0.59 x IO"11 
1240.0 1.27 + 0.11 X IO"12 214Bi 0.0600 2.12 ± 0.18 x IO""11 
1381.9* 7.81 + 0.76 X 
-13 10 1 J 214Bi 0.0500 1.56 ± 0.15 x IO™11 
1411.8 2.00 + 0.86 X 
-1 3 
10 i J 210T1 0.0500 4.00 ± 1.72 x IO"12 
1511.2 5.67 + 0.72 X 
-13 
10 i J 214Bi 0.0200 2.84 ± 0.36 x IO"11 
1664.2 1.06 + 0.58 X 
- 1 3 
io i J 
214Bi 0.0120 8.83 ± 4.83 x IO""12 
1730.7 6.06 + 0.55 X 
»13 10 i 0 214Bi 0.0300 2.02 ± 0.18 x IO"11 
1764.4 3.21 + 0.09 X IO"12 214Bi 0.1700 1.89 ± 0.05 x IO"11 
1852.5* 5.25 ± 0.45 X 
-13 10 ^ 214Bi 0.0200 2.62 ± 0.22 x IO"11 
2124.7* 2.60 + 0.26 X IO"13 214Bi 0.0100 2.60 ± 0.26 x IO ' 1 1 
2208.3 1.04 + 0.04 X IO"12 214Bi 0.0500 2.08 ± 0.08 x IO"11 
2450.4 2.95 + 0.39 X 
-13 
10 i J 226Ra 0.0165 1.79 ± 0.24 x IO"11 
2616.7 1.98 ± 0.31 X IO"14 
2 0 8 T T Tl 0.3600 5.50 ±0 .86 x IO"14 
(Cont'd.) 
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Table 12. (Cont'd.) 
Summary 
2 3 4Pa 6.37 ± 3.45 x 10"1 1 Ci/cc 
226Ra 1.79 ± 0.24 x 10"1 1 Ci/cc 
214Pb 1.09 ± 0.06 x 10"11 Ci/cc 
214Bi 1.79 ± 0.29 x 10"11 Ci/cc 
210T1 4.00 ± 1.72 x 10"12 Ci/cc 
224Ra 2.92 ± 0.78 x 10"1 1 Ci/cc 
212Bi 4.94 ± 1.78 x 10"12 Ci/cc 
20 ̂
1 5.50 ± 0.86 x 10 ' 1 4 Ci/cc 
*The isotope corresponding'to thTi~^n^7g7~coirrd™fTot ~be~pos7tively f3ent f -
f i ed f o r an associated energy uncertainty of ± 0.2% but apparently could 
be pos i t i ve ly i den t i f i ed fo r an energy uncertainty of ± 0.4%. 
tThis concentration assumes no contr ibut ion from the f i r s t escape l i n e , 
1120.4 keV, of bismuth-214. 
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Table 13. Identified Gamma Ray Lines at Stone Mountain, Ga., Site 
Ey (keV) Ci/cc ( )f EY 
PrbDabTe™" 
Isotope y/Decay C i / c c of Soil 
293.4 6.16 + 0.72 X 10~ 1 3 2 3 4 P a 0.0420 1.47 ± 0.17 
-11 
x 10 iL 
352.8* 1.58 + 0.11 X 
-12 
10 lc 2 1 4 Pb 0.3600 4.39 ± 0.31 x IO" 1 2 
822.4 6.36 + 1.50 X io-13 214- . Bi 0.0016 3.98 ± 0.94 x IO™
10 
898.8 2.64 + 0.23 X H f 1 2 2 3 4 P a 0.0410 6.44 ± 0.56 x IO" 1 1 
936.7* 9.23 + 1.49 X 
-13 
10 
214B i 0.0300 3.08 ± 0.50 x IO" 1 1 
1081.5* 1.69 + 1.00 X io-13 212D . Bi 0.0043 3.93 ± 2.33 x 10 
1112.9* 3.64 + 0.17 X K f 1 2 
210T 1 0.0700 5.20 ± 0.24 m - 1 1 
x 10 
1125.3 9.80 + 1.50 X IO" 1 3 
234D Pa 0.0170 5.76 ± 0.88 , « - l l x 10 
1158.1* 3.81 + 1.46 X io-13 2 1 V Bi 0.0180 2.12 ± 0.81 x IO" 1 1 
1381.4* 3.27 + 0.98 X I O " 1 3 2 1 4 Bi 0.0500 6.54 ± 1.96 x IO" 1 2 
1463.4* 3.92 + 0.13 X IO" 1 2 
4 0 , 0.1100 3.56 ± 0.12 x IO" 1 1 
1510.2 1.33 + 0.57 X I O " 1 3 2 1 4 Bi 0.0200 6.65 ± 2.85 
-12 
x 10 lL 
1649.7 2.67 ± 0.80 X 1<T13 
210T1 0.0200 1.34 ± 0.40 x IO" 1 1 
1680.6 6.29 ± 5.96 X IO" 1 4 214D. Bi 
0.0020 3.14 ± 2.98 
-11 x 10 i l 
1765.3 9.32 + 0.78 X I O " 1 3 21V Bi 0.1700 5.48 ± 0.46 -12 X 10 i £ 
2205.3 3.10 + 0.34 X 
-13 
10 i J 214D . Bi 0.0500 6.20 ± 0.68 
-12 
x 10 iL 





0.3600 6.02 ± 0.61 x I O " 1 3 
234Pa 2.02 ± 1.52 x IO"11 Ci/cc 
214Pb 4.39 ± 0.31 x IO"12 Ci/cc 
214Bi 5.93 ± 2.55 x IO"12 Ci/cc 
(Cont'd.) 
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Table 13. (Cont'd.) 
Summary 
210T1 4.18 ± 1.70 x 10"11 Ci/cc 
212Bi 3.93 ± 2.33 x 10"11 Ci/cc 
20 8T1 6.02 ± 0.61 x 10"13 Ci/cc 
40K 3.56 ± 0.12 x 10"11 Ci/cc 
*The isotope corresponding to this energy could not be positively identi 
fied for an associated energy uncertainty of ± 0.2% but apparently could 
be positively identified for an energy uncertainty of ± 0.4%. 
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CHAPTER III 
EMANATION OF RADON FROM CONCRETE 
Theory 
Radon-222, formed in the decay of uranium-238 (see 
Chapter I ) , can escape into the atmosphere from the earth's 
crust and from various building materials. Once in the 
atmosphere the radon-222 will decay into the heavy metal 
elements; radium-A (polonium-218) with a 3.05 minute half-
life, radium-B (lead-214) with a 26.8 minute half-life, 
radium-C (bismuth-214) with a 19.7 minute half-life, and 
radium-C (polonium-214) with a 150 microsecond half-life. 
These short half-life atoms, when present in sufficient 
concentrations, represent an inhalation hazard to man. 
These concentrations can be estimated by measuring the alpha 
particle activity from air drawn through a dust particle 
membrane filter. In developing the equations descriptive of 
the time dependence of the collection and assay of the alpha 
particle activity of the dust on the membrane filter, the 
7.69 MeV alpha particle emitted by decay of RaC* is included 
in the decay of RaC. Because of the short half-life of 
RaC* (150 microseconds), compared to the 19.7 minute half-
life of its precursor, RaC, this alpha particle activity can 
be attributed to RaC for mathematical convenience though it 
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will be shown in the data as R a C . If the dust sample is 
assayed within a few minutes after termination of the 
collection of the sample, the 6.0 MeV alpha particles 
produced from decay of RaA will also be observed. This 
activity is characteristic of the 3.05 minute half-life of 
the RaA. 
From the well-known characteristics of radioactivity 
decay (Rutherford 1904 ) , the number of decays (dn4) of a 
particular radionuclide 1s equal to the number of nuclei 
(n.)» times the decay constant (xn-) which characterizes the 
instability of the nucleus according to the fractional decay 
per unit time, multiplied by the differential time interval 
(dt), i,e, , 
dn.(t) =-xni(t)dt , (16) 
and the time rate of radioactive decay can then be expressed 
in the form of 
dn.(t) 
-ar- = ^ i n 1 ( t ) (17) 
The decay constant is equal to 0.693/T. where T. 
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1s the half-life of the particular radionuclide of interest* 
In this study it is desirable to know the number of 
radon daughter atoms of a specific type collected on a 
membrane filter having a flow rate of v liters per unit time 
if q 1s the air concentration of the radon in atoms per 
liter. Assume that the decay chain has the form A -* B + C 
where A, B, and C represent the radon daughters formed 
successively in the uranium decay chain. Then, the number 
of atoms of RaA collected on the filter is 
dnA(t) = qA-v-dt - xAnA(t)dt , (18) 
where q • v • dt is the number of atoms collected from the 
A 
air in time dt and ) n.dt is the number of atoms of RaA 
A A 
decaying to RaB daughter in the time dt assuming 100 percent 
collection efficiency. The time rate of collection is 
dn.(t) 
— § £ — = qA*v - AAnA(t) . (19) 
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Likewise, the observed number of atoms of RaB 1s the number 
which the membrane collects from the air (q . v . dt) , plus 
those produced by the decay of RaA, (A n dt) , minus the 
A A 
number decaying to RaC 1n elapsed time dt (qB ng dt), while 
the sample is being collected, I.e., 
dnB(t) = qB-v.dt + AAnA(t)dt - ABnB(t)dt (20) 
and the time rate of decay is 
dnB(t) 
o T - = V + XAnA(t) " XBnB(t) (21) 
This technique can be extended to the ^th atom in the 
decay chain and the corresponding time rate of decay is 
dn.(t) 
V + ViVi(t)~Vi(t) • (22) 
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which is a linear differential equation of the first order, 
1 t 61 | 
^ + a y = f(x) . (23) 
and has a general solution of the form 
y = e ^ x [y0 +y^)eaxdxj (24) 
Boundary conditions are established by assuming that no 
nuclei are collected if the sample time is zero, i.e., n -
0 if t - 0. 
The solution of Equation (22) according to Equation(24) 
for the first three radon daughters yields 
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RaA n A ( t ) = qAv 
1 - e 
-xAt 
( 2 5 ) 
( 2 6 ) 
RaB ng(t) = qAv 
1 — e -v -ABt -AAt e — e 
XB " XA 
+ %v 1 - e 
~xBt 
and RaC n r(t) = q.v ^ A 
1 — e 
- x c t 
( 2 7 ) 
"V " V xRe""
XB 
— e , B 
xc " XB (̂ B ^l^rT^-AgT 
+ qRv 
A A L Ap « 
e — e 
^ C " V 








( A R ~ AA' ( A r ~ A A' \ A r ~ A R ) ( A r ~ A A ) A'J 
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A physical interpretation of Equation (25) can be 
obtained if one considers qvt to be the number of atoms 
caught by the collection membrane if the nuclide does not 
undergo radioactive decay. The survival probability of a 




where n is the number of undecayed radioactive nuclei after 
elapsed time t. It must be emphasized that n must be 
sufficiently large to insure small statistical deviations. 
These statistical deviations are due to the random nature of 
spontaneous decay. If this survival probability is averaged 
over the entire time the sample is being collected (t), then 









and it is easily seen that Equation (25) is simply the 
product of the number of radioactive atoms collected by the 
membrane (qvt) and the mean survival probability of the 
collected radioactive atoms. 
The set of equations described by Equation (22) can be 
written in matrix notation as 
or 




Âfl(t) AAo(t) W U ) 'AAy 'AB AC 
£BA(t) £BB(t) £BC(t) 




* A A ( t ) 1 - e 
- x A t 
(32 ) 
* A B ( t ) = o , 
*AC ( t ) 
0 , 
£B A ( t ) 
^BB(t) 
1 ~ e "V 
- A B t 
— e 
-x A t 
UD - ^ 
1 - e 
- x B t 
£BC(t) 
«.CA(t) 
1 - e 
-Xct ~*C t XB t 
+ e — e + 
xc ( xc~" V ^ B " 
-X t 
xBe 




-x c t 
(xB - xA) (xc - xft) (xc - xB) (xc V 
lnW 
and V c ( t ) 
-Act -Agt 
e — e + 1 — e 
-x c t 
C B' 
1 - e 
-X c t 
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The matrix equation can be inverted to give the radon 
daughter concentration in air in terms of the radon daughter 
atoms collected on the membrane filter, i.e., 
Q = i L lU . (33) 
The number of radon daughter atoms collected on the 
filter can be obtained from counts of the activity of the 
radon daughters taken as a function of time after the 
sampling of the air was terminated. Assume that the RaA, 
RaB, and RaC atoms have been collected on the membrane for 
a sampling time t. Now the collection has ceased, but the 
radioactive decay processes continue throughout the period 
the sample is counted. The number of RaA atoms collected 
was n., but some of these nuclei will decay between the time 
of collection and the time of counting. Let a time 
parameter now be defined so that x = Q at the end of the 
sample collection and the elapsed time x is the time 
interval between collection and counting. The number of 
radon parents, A, at counting time T is n A where 
dnA(x) = -x^n^xjdx . (34) 
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Integration of Equation (34) yields 
nA(T) = Be 
• v (35) 
and evaluation according to the boundary condition n.(x)= 
n.(t) when x = 0 yields 
nA(x) = nA(t)e 
-XAT 
(36) 
The number of B daughters at counting time can be found 
according to 
dngU) = xAnA(i;)dT - xBnB(x)dT , (37) 
or 
dnD(T) R 
37""+ V B ( T ) = V A ( T ) » (38) 
but 
dnR(x) 
- * — + V B ( T )
 = XAnA<t)e 
- X A T 
(39) 
and the solution is 





xB - x 
+ ae 
~ XB T (41) 
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From the boundary c o n d i t i o n n R (x )
 = n ( t ) when x = 
0 , a in E q u a t i o n (41) i s e v a l u a t e d and 
nB(x) = nA(t) 
V B - X A / V 
XA V ~ X A T ~XBT e — e 
) 
+ nB( t )e 
- X B T 
(42 ) 
In a similar manner, it is found that 
nc(i) = nA(t) j xAxB 
-XAT -XgT 
B XA C XA r ~ XR D ~ XA 
e - (43) 
C ~ AB; VAB ~ AA'f 
—XrT t 
^V""*/? (XC ~ V " 
+ nc(t) ( e
 C J . 
n B ^ A C - xB ( e ^ - e ^ ) 
Equations (36), (42), and (43) have been incorporated 
into two methods of calculating the radon daughter 
concentrations in air from count rates of alpha particle 
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activity collected on a membrane filter (Tsivoglou e.t at, 
1953 and Martz at at. 1969). Both of these methods have been 
formulated into matrix relationships suitable for use with 
Equation (33). In the following discussions of these 
methods, the one given by Martz at at. is referred to as 
the spectrometry method because the alpha particle activity 
from RaA and RaC is measured separately. The method given 
by Tsivoglou at at, measures count rates of the combined 
alpha particle activity from RaA and RaC. Results from both 
methods were in good agreement, but the spectrometry method 
yields smaller uncertainties in the calculated radon 
daughter concentrations. A discussion on the uncertainties 
in the radon daughter concentrations computed by the two 
methods of taking count rates is given by Martz 
eX at. (1969). 
Tsivoglou Method 
This method uses the count rates of total alpha 
particle activity from RaA and RaC at three times (T , T 2 , 
and T 3 ) after the termination of the sampling. The combined 
count rate, c.9 from RaA and RaC at any time, T . , is given 
i i 
by the relation 
c i ( T i } = g [ x A n A ( T i ) + x C n C ( T 1 } ] • < 4 4 > 
I 
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where g is the geometry factor of the detector used to assay 
the sample. Substitution of the equations for nA(x)»
 n e ( T ' 
and n - d ) in t h i s equat ion gives the r e l a t i o n 
[ ~
X A T i 
XAXBXC 
C ^ T . ) = g nA(t) xAe + ^ — Z T J 1 J - = T 7 ) 
XAXBXC 
(xR — xTj [xr — xR) B AA ; ^AC AB' 
B ~ AA ; VAC A' 
(e-Vi_e-Vi) 
(^Vi _ e-Vi) (45) 
+ nB(t) 
XC ( 
- A0 V 
- x C T i ~XC 
e — e 
C AB 
Ti) + \ w ( v 7 • 
or 
^•U-j) = g m i A
( T i ^ nA ( t ) + m i B ( T i H ( t ) + " W ^ M 1 ^ » ^4 6^ 
L _ 
and 
c l ( T l > 
C 2 ( T 2 ) 
C 3 ( T 3 ) 
= g 
m l A ( T l ) T T 1 1 B ( T 1 ) m l C ( x l ) 
mE A (x2 ) m 2 B (x 2 ) m 2 c (T 2 ) 
m3A(T3} m3^T3] " W ^ 
nA(t) 
nB(t) 




gMN . (48) 
This relationship can be Inverted to give 
N = ± M lC . 
(49) 
which when substituted into Equation (33) yields 
Q = Jv L 'M 1C • (50) 
Thus the concentrations of RaA tRaB, and RaC can be obtained 
by computer calculation of the inverse matrix elements of L 
and M given in previous equations. The use of a matrix for 
counting rates and matrix multiplication gives the 
concentrations q«, q«, and q- as matrix elements of Q. The 
computer program (Racon I) used in this method of analysis 
is available upon request. 
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Spectrometry Method 
This method uses count rates from RaA (c.) at Tj and 
from RaC (cf) at T 2 and T 3 ( T 2 < T 3 ) after the termination of 
the air sampling. The tines T X and T 2 may be equal as in 
the discussion of this method by Martz at al. (1969). In 
this method the three counting rate equations are 
(RaA at T l ) 
C 1 ( T 1 } = gAAnA (Tl ] (51) 
= gnA( t) 
" ~ x A T l l 
_AAe j , (52 ) 
(RaC at T 2 ) 
C 0 ( T 9 ) = 9 ^ c n c ( T 2 ) '2W2 












+ nB ( t ) Tx^T^\e ~ e /_ 
(54 ) 
+ \M Âce
 V 2 J , 
88 
and 
(RaC at T J 
C 3 ( T 3 } 
= gxcnc(x3) (55) 
= g nA(t) 
XAXBXC 
u^* xA) U c x^T 
( XAT3 X B T 3 \ 
V ™e ) 
XAXBXC ~XBT3 + — ( e ™ ^ ' 3 -
ix^ipn^i^i^T \ 
4. n / + \ T XBXC f ~XBT3 "XCT3 I + nB(t) [ i ^ 7 = l ^ \ e ~ e )m 
+ n c ( t ) ( x c e
X c T 3 ) 
) 
(56) 
Summarizing Equations (37), (39), and (41) into matrix 
notation, the result is 
C = gMN ( 5 7 ) 
C 1 ( T 1 } 
C 2 ( T 2 ) = g 
C 3 ( T 3 5 
mlA^Tl^ m"LB̂ Tl̂  mlC^Tl^ 
m2A^T2^ m2B^T2^ m2C^T2^ 







m l A ( T l ) = xAe 
XAT1 ( 5 9 ) 
m 1 B ( T l ) = 0 
m l c ( . T l ) = 0 
m (T ) = ^ ^ 
C.R L. A n ~" A A 
r . XAT2 a
 XCT2 rt
 XCT2 XBT2 
e — e , _j§ — e 
XB ~~XA XC " AB 
CD c. A p Afj 
( e "
X B T 2 _ e~XCT2\ 
rrippCTp) = A^e 
XCT2 
m f ^ ^ ^ w T v " T Z~T~ 
On O A Q A » 
XBXC 
r - A A T 3 - A C T 3 - A C T 3 ~ A B T 3 
e — e ___ + e ~~e 
XC " XA XC " XB 
ou -j Ap —• Ap 
/ ABT3 _ e
 ACT3 j 
Trv^*)J ~ Ape 
~XCT3 
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The elements of M can be calculated from the set of 
equations given in Equation (59) and the inverse matrix M"1 
for use in Equation (50). The matrix M and the matrix C are 
different from those used in the Tsivoglou Method. The 
matrices L and L"1 are the same for both methods, assuming 
the sampling times were equal. In other words, the same 
count rate spectral data can be analyzed by both methods. 
A second computer program (Racon II) using this method of 
analysis is also available on request. 
Method of Error Analysis 
The method of error analysis is simplified by the use 
of matrix Equation (50) in the form 
^ ^ K C 
(60) 
where 
K = L 1M~1 (61) 
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Because of the small uncertainties in the decay constants, 
the sampling time, and the counting times involved in the 
calculations of the matrix elements of L and M, the 
uncertainty of q. is 
6 
j(t'V 







(Ag)z . ( A V T (62) 
where Aq. = the variance in q*9 where i = A, B, and C, Ac. 
i ' J 
= the uncertainty in the count rate c-,Ag = the uncertainty 
j 
in the geometry factor q, and AV = the uncertainty in the 
sampling flow rate v. 
Instrumentati on 
A four stage cascade impactor followed by a millipore 
filter holder (see Figure 9) v/as used for air sampling for 
radon daughters carried by particulates; the design and use 
of this equipment has been given by May (1947). The physics 
of impaction sampling is well presented by Fuchs (1964). 
A silicon surface-barrier diode detector was used for 
measurements of alpha spectra, since the available 
resolution of 20 keV allows accurate determinations of the 
alpha energies. In order to obtain the highest efficiency 
and best resolution, a nearly monomolecular layer of the 
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nuclide of interest was placed as near the detector surface 
as possible, and an evacuated counting chamber was used. 
This technique is quite satisfactory when the nuclide being 
studied has a long half-life. However in cases where short 
half-life nuclides are to be counted, this type of counter 
is inconvenient. Further, because the diodes should not be 
biased in the pressure range near 0.1 torr due to the danger 
of breakdown, a counter which has a convenient air lock for 
admitting the samples quickly 1s needed so that the slow 
lowering and raising of the bias voltage will be 
unnecessary. 
A solution is a counting setup that operates at 
atmospheric pressure with the source, which is a dust sample 
on a filter in this case, placed a minimum distance from the 
detector. Although the technique allows rapid measurement 
of the samples and averts the other problems of measurement 
in a vacuum, it leads to energy loss of the alpha particles 
in the air between the source and the detector. The 
distance cannot be decreased much below 0.5 centimeters due 
to the geometry of the diode. A 6,4 MeV alpha particle 
traversing air at 760 torr and 2 0 ° C along the minimum 
distance between the detector and source will lose above 270 
keV of energy. The energy response of the system is 
nonlinear, i.e., a less energetic alpha particle will lose 






4-STAGE CASCADE IMPACTOR 
AIR SAMPLING SYSTEM 
Fig. 9. Air Sampling Apparatus used in Field and Close~up 
of the Cascade Impactor, 
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particle will lose a smaller amount of energy in traversing 
this distance. 
To improve upon this situation, an existing gas flow 
proportional counter was modified to hold the diode 
detector. A source-to-detector distance of 0.525 
centimeters was the minimum that could be obtained with this 
arrangement. By flowing helium through the chamber, the 
energy loss by a 6.4 MeV alpha particle was reduced to about 
80 keV. In fact, alpha energy loss is the lowest in helium 
of any gas, hydrogen being higher due to its diatomic 
nature. Exploded disassembled and assembled views of the 
counter are shown in Figures 10 and 11. Figure 12 compares 
a measurement of a plutonium-239 source made in a vacuum, in 
air, and in helium. By using helium, a counter operating at 
atmospheric pressure can be used with little loss in 
resolution and considerable gain in sample-handling 
simplicity. The use of helium also reduced the nonlinearity 
in the energy response of the system caused by the variation 
of stopping power with alpha particle energy. An energy 
calibration can be obtained with a thoriun-228 source which 
emits alpha particles having six energies between 5.35 and 
8.78 MeV. The ability to leave the high voltage on the 
diode not only minimized the calibration problem but 
prevented problems in reapplying the high voltage. 
Commercially available electronics systems, similar to those 
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PHOTO 2910-72 
Fig. 10. Exploded View of Alpha Counter Showing Position 
of the Surface Barrier Diode Detector. 
PHOTO 2908-72 
U3 




239 r Fig. 12. The Alpha Counter Response Curves for a Nomina! Pu Source Counted in Air, in Helium, and in Vacuum 
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used with the gamma-ray spectrometer were used also with 
this detector. 
Other problems that are due to the nature of the 
source itself are encountered when measuring alpha particles 
from air samples. A sample taken in a dusty environment can 
exhibit poor alpha resolution due to self-absorption in the 
source. The same is true for samples collected on a 
standard paper filter for which the collected particles are 
trapped at various depths in the filter. In this study, 
good alpha particle resolution was obtained with a millipore 
filter having an average pore size of 0.45 microns. 
Examples of typical alpha particle spectrum from a dust 
sample collected for 10 minutes at an air flow of 17 liters 
per minute and assayed at 4 to 5, 14 to 15, and 29 to 30 
minutes after the termination of the sampling is shown in 
Figure 13. The alpha particle pulse spectrum was recorded 
using a 512 channel analyzer. 
Alternate methods of obtaining data would be simply 
to replace the multichannel analyzer with a single channel 
analyzer and a scaler or to replace the multichannel 
analyzer by two single»channel analyzers and two scalers. 
In the first case, the number of counts in the RaA and RaC 
peaks would be measured together as a function of time, and 
in the second case, the total number of counts in the RaA 
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Fig. 13. Examples of Response Curve and Relative Count Rates for RaA 
and RaC' as a Function of Time after Termination of Air Sampling. 
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Results using all three of these methods were good 
when the count rates from multichannel data were calculated 
as follows 
r(+ \ - Counts ( co\ 
c l V " Live Time {b6) 
where live time was that recorded during a clock time 
interval from ti to ta and 
t =XJl , (64) 
where t is the midpoint of the clock time counting 
m Y ^ 
interval. The counting rates were sufficiently low that the 
dead time corrections for the other two counting methods 
using single channel analyzers or scalers were negligible. 
The multichannel data were preferred because the spectrum 
could be recorded for future reference. Although the real 
count rate is changing in a nonlinear fashion during the 
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counting interval, the count rate averaged over an interval 
of counting time is a good approximation to the 
instantaneous or real count rate provided the counting time 
used in the decay equations is from the termination of air 
sampling to the midpoint time of the counting interval. 
Consider the real counting rate, c ( t ) , over a counting 
Interval as shown in Figure 14. 
Let c(t ) be the real count rate at the midpoint time 
m v 
t of the counting interval At s t, - ti. The average count 






and the ratio of the average count rate over the interval to 














Fig. 14. Diagram of Segment of Radon 
Daughter Decay Curve and Relations 
Used in Determining Average Count 
Rates as a Function of Time. 
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or 
-X(t. - tm) -A(t9 - t) 
1 m ^ 2 m <c> e — e 
cCO" m Mtp t^j 
(67) 
eXAt/2 ___ e-AAt/2 
_ _ (68) 
2 sinh (XAt/2) 
AAt 
(69) 
For RaA with 3.05 minute (183 second) h a l f - l i f e the above 
r e l a t i o n y i e l d s : 
At <o/c(tm) 









Hence, the count rate averaged over one half-life of 183 
seconds is in error by only 2 percent, if it is used as the 
real count rate at the midpoint time t of the counting 
m 
interval. For RaC with a longer half-life of 19.7 minutes* 
the approximation yields even closer results when the 
counting intervals are one to two minutes. In this study, 
counting intervals of this length were adequate for the 
activity collected on the sampling membranes. 
A geometry factor, g, defined as the ratio of the 
number of alpha particles counted by the system to the 
number emitted by a circular source coaxial with the 
detector is shown by the solid curve in Figure 15. As shown 
in the figure, the geometry factor varies with the radius of 
the circular plane source. Equations given by Jaffey (1954) 
were used in calculating the theoretical values of g shown 
by the solid curve in the figure. These theoretical values 
were based on a separation distance of 0.525 centimeters 
between the detector and source, and a sensitive area of 
four square centimeters specified by the supplier of the 
detector. Experimental measurements of the geometry factor 
of the system using calibrated americium-241 and thorium-230 
sources having an active surface area with a radius of 0.4 
centimeters are also shown in the figure. The error bars on 
the experimental points indicate the uncertainties in the 
calibration of the sources by the supplier at the 99.7 





















3a (SEE TEXT) 
AMERICIUM-241 
SOURCE TO DETECTOR SEPARATION 
DISTANCE IS 0.525 cm AND SENSITIVE 
AREA OF DIODE DETECTOR IS 4 cm2 
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RADIUS OF SOURCE (cm) 
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Fig. 15. Computed Geometry Factor for Alpha Counter as Func-
tion of Source Sample Radius with Two Experimental Points 
Determined with 2 4 1Am and 2 3 0 T h . 
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indicate a 0.025-centimeter error in the experimental 
measurements in locating the source at the 0.525-centimeter 
separation distance between the membrane filter holder and 
the diode detector. 
The g value used for the membrane filters which 
collect dust over an area with a radius of 0.925-centimeters 
can be seen from Figure 15 to be approximately 0.240. Based 
on the above comparison between the theoretical and 
experimental values of the geometry factor, the uncertainty 
in this g value used for analyzing the radon daughter 
concentrations in air from counts of activity on the 
membrane filter was estimated to be 5 percent or less. 
Experiment 
Experimental studies of the emanation of radon from 
concrete were conducted with a type of concrete chosen 
because of its similarity to that used in forming concrete 
from shales, cinders, and other low density aggregates. In 
order to provide sufficiently high radon yield without 
unmanageably large surfaces, some preliminary studies were 
made with commercially available building blocks and with 
samples of uranium ore. The size and configuration of the 
concrete elements constructed for use were three-foot square 
slabs of six-inch thickness. The aggregate was a 
commercially available shale preparation (Shalite) to which 
uranium ore was added. The uranium ore was carnotite from 
the Grand Junction area of Western Colorado and assayed 
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approximately 0.2 percent uranium by weight. The densities 
of the finished blocks were 90-95 pounds per cubic foot. 
The total weight of each block was approximately 400 pounds 
of which either 50 or 100 pounds were due to the uranium 
ore. Both the density and appearance of the blocks closely 
approximated that of shale or cinder blocks. 
The commercial shale preparation was used as 
aggregate to insure a relatively high porosity. In this 
application, porosity is defined as the ratio of the void 
volume to the total volume of the medium. Porosity 
measurements were made with a mercury porosimeter by the 
Standards Laboratory Group of the Y-12 Plant, and a porosity 
value of approximately 0.26 was obtained. The experiments 
were conducted in a relatively airtight enclosure as shown 
in Figure 16. The walls of the enclosure were polyethylene 
(0.004 inches) supported on a wooden frame. The Ge(Li) 
detector described in Chapter II was mounted so as to 
measure the gamma spectrum from outside the plastic wall, 
The enclosure was chosen to provide a stable temperature, 
humidity, and dust distribution. These quantities as well 
as the barometric pressure were measured as the temperature 
of the blocks were varied in the course of the experiment. 
The blocks were cast with 0.5-inch O.D. copper tubing 
woven through the midplane parallel to the large faces as 
shown in Figure 17. A water heating and pumping system was 
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Fig. 16. Diagram of Airt ight Enclosure used for Radon Emanation Studies 
wi th Concrete Block and Ge(Li) Detector in Place. 
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copper tubing. Temperatures were recorded by five 
thermocouples located as shown in Figure 17. A sixth 
thermocouple was used for measuring the air temperature 
inside the enclosure. Air sampling for the enclosure was 
accomplished by a closed loop sampling system; the air was 
withdrawn through the four-stage cascade impactor, a 
millipore filter, a flow-rate meter, and returned to the 
enclosure. A flow rate of 17 liters per minute (0.6 cubic 
feet) was used throughout the experiment. As the longest 
air sampling time required was 10 minutes, the volume of the 
air in the enclosure which was withdrawn, filtered, and 
returned was less than 5 percent of the total. However, to 
help ensure a constant dust particle distribution in the 
enclosure a vibrator was placed on the floor and the return 
air stream was also directed at the floor. 
The experiment was conducted in the following 
sequence: (1) Set up a block in enclosure; (2) Measure 
gamma ray spectrum; (3) Measure radon concentrations and 
particulate size distributions and concentrations, at room 
temperature (maintained at 23°C) and a fixed humidity, as a 
function of time; (4) Vary temperature or humidity and 
remeasure Step 3, repeating until temperature and humidity 
range were covered insofar as practical; (5) Remove block, 
coat with a sealant chosen to be of practical interest and 
repeat Steps 2 and 3, including measurements of the gamma 
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Fig. 17. Diagram of Typical Concrete Block used in Radon 
Emanation Studies Showing Copper Tubing and Thermo-
couple Placement. 
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was possible to assess the buildup of the specific radon 
daughters in the concrete behind the sealant. 
The radon activity was determined by using the 
silicon diode detector system described in the preceding 
section. Dust particle size distributions on the various 
impactor stages were measured, principally, with the aid of 
electron micrographs from the scanning electron microscope 
(SEM). A typical electron micrograph is shown in Figure 18. 
The size range of particles on the fourth stage of the 
cascade impactor was 1»5 micrometers mean linear dimension 
with a monotonic decrease in the particle count with 
increasing dimension. There were a few larger particles, up 
to about 10 micrometers. A Royco particle counter was also 
used as a check on the SEM determinations. Variations in 
size distributions throughout the experiment were small and 
do not appear to be significant. As expected, from previous 
studies, the greatest activity was on the particles having 
a mean linear dimension of 0.3 micrometers. Generally, less 
than 10 percent of the activity was on particles having a 
mean linear dimension equal to or greater than 3 
micrometers. Mean linear dimension is used to denote the 
average dimension in a given direction relative to the 
micrograph for the randomly oriented and irregularly shaped 
particles. From these data and the work of Harley (1971) 
and George tt al. (1970), it appears that an effective 
particle dimension for lung exposure of 0.1-0.3 micrometers 
HOTO 3485-71? 
Fig.18. Typical Electron Micrograph 
for Stage 4 of Cascade Impactor 
(Magnification 1000x). 
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is representative of the atmosphere, generally. The 
sealants were chosen on the basis of their widespread 
utilization in home construction. Blocks were sealed by 
stuccoing with cement plaster, the stucco sealant evaluated 
as outlined above, and then heavily painted with epoxy 
paint. A second sealant type was the commercially available 
asphalt used to cement asphalt or vinyl floor tiles in 
place. 
Results and Analysis 
Results of studies on the effect of temperature on 
radon emanation from concrete are shown in Figure 19. The 
experimental points in the figure show the concentration of 
radon daughters in air versus the temperature of the 
concrete for two block conditions designated as (a) high 
moisture content and (b) low moisture content. For the 
condition of high moisture content, the relative humidity in 
the air of the enclosure varied from 84 percent at a block 
temperature of 23°C to 86 percent at a block temperature of 
43°C. Because these humidity factors were larger than those 
normally encountered in buildings, the block was dried by 
heating. During the drying process, the enclosure was open 
to room air which had a low relative humidity. For low 
moisture in the block, the relative humidities of the air in 
the enclosure varied from 58 percent at a block temperature 
of 23 ° C to 72 percent at a block temperature at 43°C. In 
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Fig.19. Concentration of Radon Daughters in Emanation En-
closure as a Function of Temperature for High and Low 
Moisture Content of Concrete Block. 
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temperature of 23°C, the humidity was artificially increased 
by placing trays of water in the enclosure. In all other 
cases, the humidity of the air was allowed to come into a 
natural equilibrium with the moist concrete blocks. 
Because of the large size of the concrete blocks, it 
was difficult to ascertain their moisture content. In 
these studies, small samples of the moist concrete were 
weighed before and after drying in a vacuum oven at 150 ° C 
for 24 hours. The differences in the weights of the samples 
were used to establish the approximate moisture content of 
the concrete. In this manner, the low moisture condition 
was estimated to be 2 to 4 percent by weight and the high 
moisture condition was estimated to be 6 to 8 percent by 
weight. The uncertainties in these estimates are large 
because of the limited space in the available vacuum oven. 
Results of these studies indicate a negligible 
temperature effect on the emanation of radon from concrete, 
between 23^0 and 43°C, and a relatively strong dependence of 
radon emanation on the moisture content of the concrete. 
Without the measurements of the concentration of radon 
daughters in air at a block temperature of 23°C and a 
relative humidity of 80 percent, the results might be 
interpreted to indicate a temperature effect on radon 
emanation from concrete. However, a decrease in the radon 
concentration in air with an increase in temperature of the 
concrete would be contrary to the temperature effect 
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reported by Gabrysh and Davis (1955) from studies using 
crushed samples of uranium bearing rocks. 
In the measurements of radon emanation from low 
moisture concrete, the concentration of radon daughters in 
air has an apparent correlation with the relative humidity 
of the air in the enclosure as shown in Figure 20. This 
apparent correlation is shown in the figure by the straight 
lines whose equations were obtained by a least squares fit 
to the experimental data. The effects of the humidity on 
radon emanation from a highly moist block could not be 
ascertained due to the small range of relative humidities. 
However, the data in Figure 19 also show a decrease in the 
concentration of radon daughters for the equilibrium state 
at the highest relative humidity in the ambient air. 
If the concentration of radon daughters in the air of 
the enclosure for the low moisture state of concrete are 
normalized to the same relative humidity using the equations 
given in Figure 20, the lack of dependence of radon 
emanation on the temperature of the concrete is obvious. 
The dependence of radon emanation on the moisture content of 
the concrete is emphasized by normalizing the concentration 
of radon daughters in air from a low moisture block to a 
relative humidity of 80 percent. 
In experimental measurements of the ratio of radon 
concentration to its daughter concentration in the air of 
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Fig. 20. Concentration of Radon Daughters in Emanation Enclosure as a 
Function of Humidity, 
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carnotite, respectively, a value of 1.60±0.11 was obtained, 
the block containing 100 pounds of carnotite yielding the 
larger concentrations of radon daughters. 
A value of 1.61 ± 0.05 was also obtained for the 
ratio of the radium concentration in the blocks of different 
uranium content using gamma-ray emission spectra. This 
average value was obtained by weighing according to the 
uncertainties in the ratios of the counts in peaks of the 
emission spectra from the 186, 839, and 2448 keV gamma rays 
of radium-226. Data on the gamma-ray spectra from these 
blocks are given in Table 14. 
The concentration of polonium-218, or radium-A, which 
is in secular equilibrium with the radon-222 in the air of 
the enclosure, is related to the total radium-226. The 
radon-222 in the air of the enclosure is related to that in 
the concrete by the following expression 
qV = f-AT = f-(Ac + Ax) (70) 
where q a the concentration of RaA in air of enclosure in 
microcuries per liter, V = volume of the enclosure in 
liters, f = the escaping fraction of radon from the 
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of Carnotite 
Counts/Sec from 




186.1 185.9 2 3 4Pa 0.0170 (3.65 ± 0.10) x 10"1 (5.89 ± 0.14) x 10"1 1.61 ± 0.06 
186.1 226 Ra 0.0410 
839.0 839.0 226Ra 0.0060 (5.66 ± 1.91) x 10"3 (1.37 ± 0.24) x 10"2 2.42 ± 0.92 
2447.6 2447.6 226Ra 0.0165 (8.96 ± 0.43) x 10""3 (1.44 ± 0.06) x 10"2 1.61 ± 0.10 
Average Weighted by Uncertainty in Ratio 1.61 ± 0.05 
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concrete, A - the total activity of radium-226 or uranium-
238 in the concrete block in microcuries , A - the activity 
of radium-226 or uranium-238 in the carnotite of the block 
in microcuries, and A * the activity of radium-226 or 
X 
uran1um-238 1n t he o t h e r m a t e r i a l s o f the b l o c k i n 
m i c r o c u r i e s . By use o f t h i s e q u a t i o n , we have f rom the 
e x p e r i m e n t a l measurement , 
so t h a t , 
iL ___ _ 1#5 
q 1 AJ 
( 7 1 ) 
A C + AX 
A c + Ax 
30yCi + Ax 
!5yCi +~7C = 1.6 (72) 
where the superscripts 1 and 2 are used to specify 
quantities related to the blocks containing 50 and 100 
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pounds of carnotite, respectively. The value of Ax , the 
activity of uranium-238 or radium-226 of the block materials 
other than the carnotite, was found by solution of the above 
equation to be 10 microcuries. Hence, the total activity of 
uranium-238 or the activity of radium-226 produced in the 
block containing 100 pounds of carnotite is 40 microcuries. 
In order to estimate the fraction of the radon 
escaping from the concrete, the value of 80 picocuries per 
liter in the air of the enclosure from the block containing 
100 pounds of carnotite was used. This was the value 
measured for low moisture concrete at a block temperature of 
23°C and a relative humidity of 58 percent in the air of the 
enclosure as shown in Figures 19 and 20. For these 
conditions, the fraction escaping from the concrete was 
calculated to be approximately 1 percent. The following 
relationship, obtained from Equation (70) was used to 
calculate this value 
f - 3d  _ ^ _ (73) 
where V is equal to 3960 cubic liters (140 cubic feet),A 
is equal to 40 microcuries, and q is equal to 80 picocuries 
per liter. 
In studies on the effects of sealants, no reduction 
in the concentration of radon daughters in the air of the 
enclosure and no increase in gamma-ray emission from radon 
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daughters 1n the concrete was observed from blocks that were 
either stuccoed with cement plaster or coated with asphalt, 
For a similar stuccoed block coated heavily with epoxy 
paint, both a reduction in the radon daughter concentration 
in air and an increase 1n gamma-ray emission for radon 
daughters 1n the concrete was observed, 
The concentration of radon daughters in the air of 
the enclosure before and after the stuccoed block was 
painted are given 1n Table 15. The data show that radon 
escaping from the painted block 1s less by a factor of four. 
Data from the gamma-ray emission spectra before and 
after the stuccoed block was painted are given in Table 16, 
After a buildup of 15 to 16 days, which is approximately 
equal to four half-lives of radon, a 25 percent increase was 
observed 1n the gamma-ray emission from radon daughter 
radionuclides. Buildup in gamma emission from radon 
daughters due to a sealing of the ground by appreciable 
precipitation, freezing, or snow cover is discussed by 
Tanner (1964), The observed buildup of 25 percent in this 
study is reasonable, although less than 1 percent of the 
radon escapes from the concrete, because probability of 
escape from the block is highest for radon produced near the 
surface, and attenuation of gamma rays by the concrete is 
less for radon daughters near the surface of the block. 
Absorbed dose rate measurements with a Phil dosimeter 
(Wagner and Hurst 1961) having a large shielded Geiger tube 
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Table 15. The Effects of Epoxy Pain t on the Escape 
of Radon from a Stuccoed Concrete Block 
Radon Concentration in Air in p C i / l i t e r 
Daughter Ratio 
Nuclide Before Pa in t ing After Pa in t ing 
RaA 47.5 ± 1.9 12.1 ± 2.0 3.93 ± 0.66 
RaB 35.5 ± 2 .8 9 .1 ± 1.7 3.90 ± 0.79 
RaC 29.9 ± 0.7 7.3 ± 0.8 4.10 ± 0.46 
Total 113.0 ± 4.6 28.6 ± 3.3 3.95 ± 0.48 
Table 16. Gamma Ray Emission from a Stuccoed Concrete Block Before and After Application of Epoxy Paint 
Radon Radon Energy of 
Precursors Daughters Photon 
Counts/Sec from 
Stuccoed Block with 
50 lbs of Carnotite 
Counts/Sec from Stuccoed and Painted Block with 50 lbs of Carnotite 
1 to 2 days 
after painting 
6 to 7 days 
after painting 











2 1 0 n 910.0 
(2.93 ± 0.11) x 10" 
(7.92 ± 0.07) x 10" 
(6.52 ± 0.04) x 10" 
(1.42 ± 0.02) x 10" 
(5.37 ± 0.18) x 10" 
(1.08 ± 0.02) x 10' 
(2.88 ± 0.09) x 10" 
(5.35 ± 2.26) x 10" 
(2.93 ± 0.12) x 10"! (2.94 ± 0.11) x 10"1 (2.97 ± 0.13) x 10"1 1.014 ± 0.058 
(8.52 ± 0.08) x 10" 
(7.13 ± 0.05) x 10" 
(1.58 ± 0.03) x 10' 
(5.59 ± 0.23) x 10" 
(1.17 ± 0.02) x 10" 
(3.24 ± 0.11) x 10" 
(4.91 ± 2.63) x 10' 
(1.04 ± 0.01) 
(8.39 ± 0.05) x 10" 
(9.95 ± 0.07) x 10" 
(8.22 ± 0.05) x 10' 
(1.82 ± 0.03) x 10"1 (1.78 ± 0.03) x 10" 
(6.92 ± 0.23) x 10"2 (6.65 ± 0.21) x 10" 
(1.34 ± 0.02) x 10"1 (1.32 ± 0.02) x 10" 
(3.70 ± 0.10) x 10"2 (3.51 ± 0.10) x 10" 
(6.97 ± 1.94) x 10"3 (4.73 ± 2.25) x 10' 
Average Weighted by Uncertainty in Ratio 
1.256 ± 0.014 
1.261 ± 0.011 
1.254 ± 0.028 
1.238 ± 0.057 
1.222 ± 0.029 
1.219 ± 0.052 
0.884 ± 0.562 
1.247 ± 0.008 
* Ratio of emission from block taken 15 to 16 days after painting to that before painting with epoxy paint. 
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at 0.5 meters from both the stuccoed block containing 50 
pounds of carnotite and the stuccoed and painted block were 
the same within uncertainties based on counting statistics. 
These absorbed dose rates were approximately eight 
microrads/hour and the uncertainty in the ratio of the two 
dose measurements was approximately 5 percent. Hence, the 
increase in the external dose to an individual from sealed 
concrete due to a buildup in gamma-ray emission from radon 
daughter products is not significant. 
In order to estimate the maximum radon concentrations 
from concrete walls or floor that could be encountered in 
homes or buildings, the radon flux has been estimated from 
the data of this study in terms of the uranium activity per 
unit volume of concrete. The concentration of radon in the 
air of the enclosure, q(Rn-222), is related to the radon 
flux from the block, J(Rn-222), by the relation 
J(Rn-222)-S = q(Rn-222)-V (74) 
where S is the surface area of the block and V is the volume 
of air contained in the enclosure, and the radon flux in 
terms of the activity of uranium-238 per unit volume of the 
block, C(U-238) , is 
J(Rn-222) _ q(Rn-222)-V 
m^W~~ ctU-2'38) .'S " ' 
(75) 
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If the same data are used in this calculation that were used 
in estimating the escape of radon from the block containing 
the 100 pounds of carnotites the value of J(Rn-222)/C(U-238) 
is estimated to be 4*5 x 10" yCi/m of radon-222 per pC1/m 
of U-238 in a wall or floor. For a wall or floor with a 
shalite aggregates the radon flux is estimated to be 0.035 
2 
yCi/m . This estimate is based on the 10 y d of uranium-238 
determined to be associated with the shalite and other 
materials of the blocks used in this study* Of course, the 
radon flux from a wall or floor would vary, as found in this 
study, with the moisture content of the concrete and with 
the type of sealant used on the concrete* 
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CHAPTER IV 
DISCUSSION AND CONCLUSIONS 
The most significant conclusions to be drawn arei (1) 
A Ge(Li) spectrometer having a sensitive volume of 50 cubic 
centimeters has sufficient sensitivity and resolution to 
permit an accurate and convenient analysis in the field of 
potassium-40 and the naturally occurring radionuclides in 
the uranium and thorium series; (2) The Ge(Li) spectrometer 
also provides sufficient sensitivity and resolution to 
permit identification of radionuclides from nuclear plants 
at the present low limits of five mi 11irems/year near the 
plants; (3) The most important parameter in radon emanation 
from building materials for a given radium concentration is 
moisture content; (4) The dose to sections of the human 
bronchi due to radon concentrations in some relatively 
common structures equals or exceeds that from the external 
penetrating gamma rays from uranium and thorium and all 
their daughters contained in the materials of the structure* 
The relative abundances of the gamma emitting 
isotopes of the uranium and thorium series and of potassium-
40 can be inferred from the spectrum as measured with the 
Ge(Li) spectrometer, A laboratory chemical analysis of soil 
samples taken at the field measurement sites gives the same 
relative values as the field spectrometer, except for the 
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effects of diseaui1ibriurn in the uranium chain. At some 
sites, notably Bartow, Florida, the uranium content inferred 
from gamma spectrometry was high by about a factor of two 
compared to a determination based upon neutron induced 
fission activity. The relatively high leachability of 
uranium compared to radium appears to be the explanation. 
Whether or not it is feasible to measure fission product 
contamination of soil at levels producing 1-5 mi 11irems/year 
depends upon the energy and half-life of the specific 
radionuclide and, of course, on the time after deposition at 
which measurements are commenced. However, the cesium-137 
(from fallout from weapons testing) with a half-life of 
about 30 years provides a rather severe test, i.e., it 
delivers a dose rate which decreases insignificantly 
throughout the year, hence requires the greatest sensitivity 
for measurement. The dose-rate due to the cesium has been 
evaluated many times in various ways (UNSCEAR 1962 and 1964, 
FRC 1963 and 1965, Beck 1966, Bennett 1970, EPA 1972, and 
several others). The estimates for the external dose from 
cesium-137 in the Eastern United States range from less than 
1 to more than 2 mi 11irem/year for the year 1970. Comparing 
spectra from other work with that presented here and 
correcting for experimental differences, it appears that the 
maximum dose-rate due to cesium-137 in the "clean" 
measurement areas used in this study is not more than about 
1 mi 11irem/year. As this was readily detectable, dose rates 
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of 1 millirem/year of gamma rays could be measured if there 
were no complicating factors. The most obvious such factort 
that of a spectral line lying on or very close to one in the 
natural radiation environment, is not likely due to the high 
resolving power of the spectrometer. The importance of 
spectrometry in identifying gamma-emitting radionuclides is 
demonstrated by the results of this study. Clearly, a 
"dose-rate11 study is not feasible, regardless of the 
accuracy and precision of the instruments chosen* because 
the normal variation in the natural radiation "dose-rate81 is 
greater than the value (1-5 mrad/yr) of the contamination to 
be measured. Thus spectrometry appears to be the only tool 
available for surveying the environment at such low levels 
as 1-5 mrad/yr. However, this subject needs extensive 
investigation in order to delineate the limits of 
uncertainty and the problems of applicability. 
As discussed in Chapter I, the external gamma ray 
dose rate to man averages approximately 75 mrad/yr. Dose-
rate measurements made in this study were associated with 
the spectrometry experiments or were of the survey type, 
i.e., made with a portable scintillation detector. The 
dose-rates measured gave good correlation with the total 
photopeak counts of the nuclides of potassium-40 or of the 
uranium and thorium series except in those areas 
contaminated by radionuclides put into the environs by man. 
From these studies plus data from several sources, notably 
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Lowder <L£ at. (1971), Oak! ey (1971), and Spiers e* a*.(1964), 
it appears that the external gamma dose rate for human 
exposures inside buildings constructed of granite or of the 
low-density concretes incorporating expanded Chattanooga 
shale both average approximately 200 mrad/year. The dose 
rate range in both cases appears to be 100-500 mrad/yr. 
This external gamma ray dose is nearly independent of the 
dose rate due to cosmic radiations or the internal dose due 
to potassium-40. The internal exposures due to radon 
daughters discussed below is related most directly to the 
radium-226 concentrations in the building materials and the 
radium-226 and 224 concentrations determine most strongly 
the gamma ray dose rate inside structures built of granite 
or concrete. In buildings in which the daughters of radium-
224 are the chief sources of gamma rays, the total dose to 
man would be very nearly the average doses given in Chapter 
1 plus the increase in the gamma ray dose due to the thorium 
series, especially from radium-224 to lead-208 because of 
the short half-life of radon-220 compared to radon-222. 
However, if the gamma dose rate is elevated due to increased 
concentrations of uranium, or more directly, of radium-226, 
the additional internal exposures due to radon-222 and its 
daughters would be expected unless the building materials 
were sealed in such a way as to prevent radon-222 emanation. 
If the materials are sealed, the external uncollided fluence 
would increase in the typical granite or shale-aggregate 
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concrete structure by 25 percent. However, this increase in 
uncollided photons from the radon daughters provides, 1n 
general, a small to negligible part of the total gamma ray 
fluence. Therefore, sealing the interior surfaces to 
prevent or decrease radon emanation is generally desirable, 
especially if good ventilation is feasible. Similar 
reasoning applies to uranium mines except that sealing 
exposed mine surfaces appears to be impractical if not 
impossible at present due to the extended fissures, water 
seepage, and large areas generally existing in mines. 
Radon emanation is controlled strongly by the 
moisture content of the radium bearing material. There are 
limited data from other sources which support the findings 
here (Hahn 1936, Kirikov 1932, Baranov and Novitskaya 1960, 
and Starik and Melikova 1957), but only Tanner (1964) 
provides a review of the transport and diffusion theory for 
radon and it is not clear that any existing theory can 
predict the behavior of radon in a complex part crystalline, 
part non-crystalline, porous, and inhomogeneous solid. 
However, of the two mechanisms for explaining the 
enhancement due to moisture in the material, it appears to 
this author that the relatively high solubility of radon and 
its subsequent diffusion, through water containing pores, to 
the surface is the most likely, but this cannot be put on a 
quantitative basis at present* The failure of a fine-
grained stucco of 0.25-inch thickness to lower the emanation 
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significantly lends credence to this hypothesis. The fact 
that an adhesive layer of asphalt cement was also 
ineffective in decreasing the emanation significantly is 
most probably due to the general diffusabi1ity of the noble 
gases through hydrogenous materials* It is clear from the 
data on radon emanation from concrete (specifically the low 
density concrete used in this experiment but with evidence 
that finer porosity concrete does not significantly affect 
the emanation) that a home constructed of concrete 
containing only shale aggregate could have radon levels that 
reach several tens of picocuries per liter under equilibrium 
conditions. Considering that homes are generally only 
partially constructed of concrete and that equilibrium 
conditions are seldom met in occupied structures due to some 
minimal ventilation, it is still evident that a few 
picocuries per liter would not be unusual in the East 
Tennessee area, as an example. Actually, in a limited 
survey (Lowder e.t at. 1 9 7 1 ) , values of the order of 1 
picocurie per liter were obtained in East Tennessee homes 
under ventilation conditions; the air exchange rates were 
not measured. For low ventilation rates such as might be 
found in cold climates it is reasonable to assume that 10 
picocuries per liter would not be uncommon; this 
corresponds, by the calculational procedure used in Chapter 
I, to 1-2 rads/year to the bronchi of an adult for an eight-
133 
hour day, and up to 6 rads/year for full-time occupancy. 
This level of occupancy is frequently approached by young 
children. In a more extensive study involving 841 
measurements, Toth (1972) found average concentrations in 
living rooms of houses in Hungary of 3.05, 2.64, and 2.49 
picocuries of RaA, RaB, and RaC, respectively. These 
measurements were made in 14 different towns in Hungary in 
houses which had not, in general, been ventilated for at 
least eight hours. However, the average is not of as great 
interest here as the distributions; Toth found that the 
concentration of RaA exceeded 10 picocuries per liter in 6 
percent of all measurements. Further, he shows that his 
values are not atypical of other areas of the world having 
"radioactivity not higher than normal." In structures of in-
terest here there are above average concentrations of urani-
um in the building materials; considering that all occupied 
structures have some ventilation, the commonly observed 
levels of up to 10 picocuries/1iter in granite and low 
density concrete structures appear in good accord with the 
emanation observed here. It is clear then, that it is not 
unlikely that the overall dose to the bronchi of people 
occupying homes built of uranium bearing materials over a 
50-year period at an average of 15 hours/day would approach 
that at which the incidence of lung cancer in uranium miners 
is doubled. If a sensitivity factor for children is 
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allowed, the effective doses would, of course, be increased. 
Contrarily, if a repair mechanism is assumed due to the low 
dose rates and long exposure times, which would appear 
unlikely for alpha particles due to their high linear energy 
transfer (LET) an increased incidence would not be expected. 
Analysis of the air samples taken inside the 
enclosure for radon emanation studies showed that radon 
levels reached a constant level in about three days at which 
time the daughters were in equilibrium. However, for 
samples taken in dwellings, the ratio of RaC'to RaA ranged 
from 0.25 to 0.0, indicating that equilibrium is seldom if 
ever reached in dwellings. 
It should be noted that the internal exposure values 
for the bronchi discussed in the preceding paragraph are 
from the same order to an order of magnitude higher than the 
external whole body dose from gamma rays from the natural 
radiation environment. Because such internal and external 
doses are so comparable with those of the uranium miners at 
which some increased incidence of cancer is observed, 
epidemiological studies in high radiation areas of the world 
should show, ultimately, increased somatic effects of 
radiation; such effects have not yet been observed and/or 
published in the literature. 
As evidenced by extensive literature, the natural 
radiation environment is both fascinating and frustratingly 
complex for the many scientists who have studied it. Some 
of the unanswered questions concerning man's exposure to the 
natural radiation environment were the basis for this 
research and there remain many other unanswered questions 
beyond the scope of this research. Some answers were found 
and a better understanding of the natural radiation 
environment has been made possible. Still, extensive 
follow-up research needs to be conducted. Because of the 
breadth of the studies attempted, a more comprehensive study 
of many facets of the work appears desirable and necessary. 
For example, the exact mechanism by which moisture in 
concrete enhances radon emanation should be determined; that 
alone would make a good dissertation study. The correlation 
of fluence and spectral measurements from aircraft with 
similar measurements on the ground and with soil 
concentrations of radium (both 220 and 222) would also make 
an excellent research project. 
Throughout this thesis, much of the discussions of 
standard laboratory techniques, basic statistical analyses, 
and detailed descriptions of equipment have been severely 
shortened compared to the usual theses; in some cases they 
have been deleted entirely. This is taken to be justified, 
for this thesis, in order to maintain a manageable length 
and because the author has used such techniques over many 
years and has several publications concerning such 
discussions of laboratory and analysis techniques, 
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APPENDIX I 
DISTRIBUTIONS OF DOSE FROM NATURAL SOURCES IN "NORMAL" AREAS 
Based on surveys in areas of "normal" levels of the 
natural radiation environment, the United Nations Scientific 
Committee on the Effects of Atonic Radiation (UMSCEAR 1966) 
concluded that the values shovin in Table 17 represent 
average distributions of dose to man from the natural 
environment. An earlier report of this same committee 
listed the cosmic ray dose dose to man (average whole body 
dose) as a function of altitude above sea level for regions 
near the equator and near 50 degrees geomagnetic latitude 
given in Table 18. As the dose rates vary slowly with 
latitude, the values for 50 degrees geomagnetic latitude can 
be applied to the 48 contiguous states of the U.S. within an 
accuracy of about 10 percent except for periods of unusual 
solar activity. 
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Table 17. Dose Rates Due to External and Internal 
I r rad ia t i on from Natural Sources in 
"Normal" Areas* 
Source of I r rad ia t i on 
Dose Rates (mrad/yr) 
Cells Lining Bone 
Gonads Bone Surfaces** Marrow 
External i r r ad ia t i on 
Cosmic rays 
Ioniz ing component 28 28 28 
Neutrons 0.7 0.7 0.7 
Ter res t r ia l radiat ion 
( inc lud ing a i r ) 
Internal Irradiation 








20 15 15 
0.3 <0.3 <0.3 
0.7 1.6 1.6 





0.3 0.3 0.3 
Total*** 100 99 96 
* UNSCEAR 1966. 
* * The dose rates under th is heading were actual ly calculated fo r the 
Haversian canals of bone. Doses to cel ls l i n i ng bone surfaces may be 
somewhat lower that those quoted here. 
***Totals have been rounded o f f to two s ign i f i can t f igures. 
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Table 18. Cosmic Ray Intensities and Dose Rates* 
Intensity 













0 2,8 2.4 41 35 
1500 4.5 3.0 66 44 
3050 8.8 6.1 128 89 
4580 18 12 263 175 
6100 34 23 500 340 
* UNSCEAR 1958. 
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APPENDIX II 
GENETICALLY SIGNIFICANT DOSE 
The United Nations Scientific Committee has defined 
the term "Genetically Significant Dose" as "the dose which, 
if received by e^ery member of the population, would be 
expected to produce the same total genetic injury to the 
population as do the actual doses received by the various 
individuals" (UNSCEAR 1 9 5 8 ) . It is intended to relate 
linearly to the potential mutagenic effect of radiation, 
i.e., to serve as an index of radiation damage to the 
genetic pool. In general, an observed radiation field, 
frequently expressed in roentgens, is operated upon by an 
expression which includes that for the depth dose 
distribution in the body for the particular radiation, to 
obtain the average absorbed dose in the gonadal tissues, 
expressed in rads. This absorbed dose is then used in the 
mathematical expression: 
zDi Ni Pi / 7 ^ 
bbD zN1 P1 
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where D is the average gonadal dose to individuals of age 
i receiving the radiation, fl is the number of persons in 
the population of age i who receive the radiation, P is the 
expected future number of offspring for an individual of age 
i. This operation eliminates from the GSD that portion of 
the total absorbed dose that goes to the gonads of persons 
beyond the childbearing age. Morgan (1971) estimated that 
the GSD so obtained is approximately half of the absorbed 
dose for the special case of diagnostic radiology, but it 
appears that the estimate should be appropriate for the 
natural radiation environment to within the accuracy 
intended. Of course, P must remain an estimate because the 
average mortality rate as a function of age may change with 
time, and the number of offspring per person of childbearing 
age may change. 
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APPENDIX III 
THE MAXIMUM PERMISSIBLE CONCENTRATION VS. THE WORKING LEVEL 
The presently used maximum permissible concentration 
(MPC) of radon and Its daughters was established by the 
Internal Dose Committees of the International Commission on 
Radiological Protection and the National Council on 
Radiation Protection and Measurements (ICRP 1959, MCRP 
1959). This concentration of radon, 30 picocur1es/liter, 
was Intended to apply to all occupationally exposed persons, 
The "occupational worker" levels were not applicable to 
persons under 18 years of age. The level was based on the 
concept of the maximum permissible dose to most organs being 
set at 15 rems/year and was obtained by calculating the dose 
to the basal cells of the bronchial epithelium from radon in 
equilibrium with Its short-lived daughters, RaA, RaC, and 
RaC 1, Based largely on the work of Chamberlain and Dyson 
(1956) and Shapiro (1956), the Internal Dose Committees 
agreed on an "unattached" fraction (f) of 10 percent for RaA 
ions or atoms where actual measurements could not be made; 
this refers to the fraction of the RaA which is not attached 
to particulates 1n the air. However, they made provision 
for more accurate estimates based on experimental 
determination of f by providing the relation, 
142 
MPC = YT~mO~J ^77' 
or, for f = 0.1 and 100 percent equilibrium, MPC = 30 
picocurles of radon-22 per liter. There were several other 
considerations and assumptions which do not bear directly on 
the comparison of MPC and the working level (WL) and will 
not be given here, but which are given in the committee 
reports (ICRP 1959, NCRP 1959) and discussed at length by 
Morgan (1967). 
In 1957 the U. S. Public Health Service introduced 
the WL. In the introduction of a report by Holaday, 
(1967) the authors state, "It has therefore been necessary 
to establish a working level which appears to be safe, yet 
not unnecessarily restrictive to industrial operations." 
The ultimate definition given of the WL was that 1t 1s any 
combination of the short-lived decay products of radon in 
one liter of air which will result in the emission of 130 
GEV of alpha ray energy. This corresponds, numerically, to 
the alpha energy released by 100 picocuries/1iter of radon 
in equilibrium with the short-lived daughters. The unit was 
chosen with consideration for sampling techniques then in 
use in the mines (drawing a one liter sample of mine air 
into a bottle for analysis in the laboratory). 
From the above, it is clear that the ratio between 
MPC and WL may vary from unity by a large factor depending 
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upon f and the variance of radon and Its daughters from the 
equilibrium state. Morgan (1967) calculated this ratio for 
several states of equilibrium and values of ft and his 
results are reproduced here. Other assumptions are included 
1n the footnote to Table 19, 
Table 19 . Comparative Values of WL and the MPC as Given by ICRP and NCRP 











Number of WL As 
No. RaA, RaB 
Colle 
suming 100% Equilibrium of 
and RaC at Time of 
ction of Sample 
for t = 0 for t = 1 hour for t = 4 hours 
100 100 100 30 1(3Q)*[1]** 1(30) 1(30) 
100 10 100 30 0.55(55)[0.35]** 0.18(170) 0.2(150) 
100 100 3 1 K l ) [ l ] KD KD 
100 10 3 1 0.55(1.8)[0.35] 0.18(5.7) 0.2(5) 
10 100 100 3 0.55(5.5)[1.6] 0.91(3.3) 0.9(3.3) 
10 10 100 3 0.1(30)[1] 0.1(30) 0.1(30) 
10 100 3 0.1 0.55(0.18)[1.6] 0.91(0.11) 0.9(0.11) 
10 10 3 0.1 0.1(1)[1] 0.1(1) o.KD 
Note: In Table 15, i t is assumed the MPC is measured cor rec t l y . The WL is measured at time t a f te r 
the co l l ec t i on , but i t is assumed in extrapolat ing the WL back to t = 0 that 100% equi l ibr ium 
of RaA, RaB and RaC at time of co l lec t ion was used. I t is fu r ther assumed the WL is deter-
mined only by counting the a-dis integrat ions at time t and no energy resolut ion is used in 
the counting. A l l the usual corrections are made fo r background, absorpt ion, e tc . 
* A l l values in parenthesis indicate the ra t io of MPC to WL, i . e . , fo r (30) the MPC is 30 times the 
WL as measured by the above method. 
**Values in brackets are the rat ios of the MeV of the a-radiat ion of the actual isotopic mixture 
integrated from time t = 0 to °° divided by the MeV of the a-radiat ion for 100% equi l ib r ium mixture 
of RaA, RaB and RaC integrated from zero to i n f i n i t y and divided by the estimated WL at time zero. 




GAMMA SPECTRAL DATA FROM THE FIELD 
Because of the variety of soil compositions for which 
measurements were made with the Ge(Li) spectrometer, a range 
of relative contributions of the various radionuclides was 
observed. The observed photopeaks, their relative 
abundances, and the radionuclides to which they were 
attributed are given in the following table. No similar 
data are known to exist, and these have proved to be useful 
to this study. The data from the multichannel analyzer were 
fed into the computer using the programs developed in this 
study, and the table was printed by the computer with no 
reprinting or editing; this indicates the degree to which 
the data were handled by the computer. The headings refer 
to the experiment as follows: 
BG--Background count 
EGCR--Experimental Gas Cooled Reactor Site - A "clean 
area ." 
Shalite Blocks — Standard Commercial Building blocks 
expanded Shale aggregate, i.e., lightweight 
material of approximately 90 pounds/cubic foot; 
detector protruding into five sided box built of 
these blocks. 
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Concrete Slab EGCR--A clean concrete slab of regular 
concrete one foot thick covered by a thin metal 
bui1 ding. 
K-25 Burial Ground-- area formerly used to store 
heavily contaminated equipment, the primary 
contaminant being uranium. 
Whitley City, Ky.--Extensive coal slag heap in southern 
Ky. , See Chapter II. 
Manchester, Ky.-»0n a drive-in theatre near a coal 
treatment plant. 
Atlantic Beach, Fla,--Open beach area, typical of area. 
Bartow, Fla; First Run--Municipal center at Bartow& Fla® 
Second Run--Playground area at municipal center, 
Bartow, Fla. 
Stone Mountain, Ga.--Stone Quarry area at east side 























W/IN 0 . 2 X 
3 3 0 . 6 0 . 0 1 Q O 
3 5 2 . 0 0 . 3 6 0 0 
6 0 9 . 3 0 . 4 7 0 0 
6 0 9 . 4 0 . 1 7 0 0 
6 6 1 . 0 0 . 0 0 0 0 
6 6 1 . 6 0 . 8 6 0 0 
6 6 2 . 2 0 . 0 0 2 6 
7 8 5 . 9 0 . 0 0 8 6 
7 8 7 . 1 0 . 0 1 2 0 
9 5 5 . 0 0 . 0 1 3 0 
9 9 8 . 2 0 . 0 2 0 0 
1 1 3 9 . 0 0 . 0 2 0 0 
1 4 6 0 . 0 0 . 1 1 0 0 



















FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 





216. 1 215.9 0.0031 228TH* 
216.3 0.0600 214BI*-2ND-ESC 
236*5 
273.0 273.2 0.0530 214BI 
293.9 293.5 0.0420 234PA 
337.8 338.0 0.1500 228AC* 
352.2 352.0 0.3600 214PB* 
360.7 360.0 0.0400 210TL 
368.6 369.3 0.0400 234PA 
402.8 
510.1 510.7 0.0940 208TL* 
537.1 
546.5 
583.5 58 3.2 0.3100 208TL* 
609.9 609.3 0.4700 214BI* 
609.4 0.1700 214BI*-1ST-ESC 
755.9 
787.3 78 5.9 0.0086 214PB* 
" 787. 1 0.0120 214BI 
911.2 910.0 0.0300 210TL 
954.2 953.0 0.0032 212BI* 
955.0 0.0130 232TH-DEC-1ST-ESC 
969.6 
995.3 995.0 0.0007 214BI-2ND-ESC 
1121.3 1120*4 0.170 0 214BI* 
1137.9 1139.0 0.0200 210TL-1ST-ESC. 
1140.0 0.0000 214BI-2ND-ESC. 
1187.3 
1240.1 1238.3 0.0600 214BI* 
1354.7 1354.0 0.0210 234PA 
1462.2 1460.0 0.1100 40K 
1525.7 
1766.3 1764.5 0.1700 214BI* 
1769.0 0.0300 210TL-1ST-ESC. 
1808.6 1306.0 0.0015 212BI* 
1997.3 
2144.6 
2616.9 2614.5 0.3600 208TL 
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CONCRETE SLAB EGCR 
ENERGY KNOWN 
FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
(KEV> W/IN 0 . 2 % 
1462*1 1 4 6 0 . 0 0 . 1 100 40K 
CESIUM FIELD 
ENERGY KNOWN 
FOUND ENERGIES ABUNDANCE 
<KEV) W/IN 0 . 2 X 
1 6 8 . 8 
2 3 7 . 2 
3 2 8 . 0 3 2 8 . 0 0 . 0 5 3 0 
328 . 6 0 . 0 0 1 3 
3 5 1 . 9 3 5 2 . 0 0 . 3 6 0 0 
4 1 2 . 0 
5 1 0 . 9 5 1 0 . 7 0 . 0 9 4 0 
5 8 3 . 7 58 3 . 2 0 . 3 1 0 0 
6 0 9 . 7 6 0 9 . 3 0 . 4 7 0 0 
6 0 9 . 4 0 . 170 0 
6 6 1 . 5 661 • 0 0 . 0 0 0 0 
6 6 1 . 6 0 . 8 60 0 
6 6 2 . 2 0 . 0 0 2 6 
7 8 6 . 2 78 5 . 4 0 . 0 0 9 7 
78 5 . 9 0 . 0 0 8 6 
7 8 7 . 1 0 . 0 1 2 0 
9 1 0 . 3 9 1 0 . 0 0 . 0 3 0 0 
9 5 4 . 9 9 5 3 . 0 0 . 0 0 32 




























2 1 4 B I - 2 N D - E S C 
40K 
150 
K - 2 5 STORAGE AREA 
ENERGY KNOWN 
FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
<KEV> W/IN 0.2 % 
233.1 
293.4 293.5 0.0420 234PA 
339.3 
352.1 352.0 0.3600 214PB* 
510.3 510.7 0.0940 208TL* 
583.7 583.2 0.3100 208TL* 
609.7 609.3 0.4700 214BI* 
609.4 0.1700 214BI*-1ST-ESC« 
661.4 661.0 0.0000 214BI 
661.6 0.860 0 **137CS** 
662.2 0.0026 226RA-DEC-2ND-ESG 
727.2 727.2 0.0720 212BI* 
727.3 0.0600 214BI*-1ST-ESC. 
911.2 910.0 0.0300 210TL 
970.9 
1124.5 1 125.0 0.0320 232TH-DEC-1ST-ESG 
1240.4 1238.3 0.0600 214BI* 
1462.0 1460.0 0.1100 40K 
1767.4 1764.5 0.1700 214BI* 
1769.0 0.0300 21QTL-1ST-ESC. 




FOUND ENERGIES ABUNDANCE 
CKEV) W/IN 0 . 2 X 
145*4 
2 9 0 . 3 
3 2 3 . 1 
3 5 1 . 6 3 5 2 . 0 0 . 3 6 0 0 
3 7 3 . 4 
385 . ' 6 3 8 6 . 0 0 . 0 2 5 0 
5 5 4 . 2 
5 7 0 . 6 5 6 9 . 5 0 . 1 3 0 0 
5 8 7 . 4 
6 1 3 . 5 6 1 4 . 0 0 . 0 3 2 0 
7 2 4 . 2 
7 6 2 . 2 7 6 2 . 0 0 . 0 3 0 0 
7 6 3 . 3 0 . 0 0 7 2 
7 7 3 . 3 
7 8 9 . 6 7 9 0 . 0 0 . 0 0 0 0 
SOURCE ISOTOPES 
906 .4 
9 4 3 . 1 
9 6 1 . 7 
9 8 3 . 4 






1 4 8 3 . 5 
1 5 5 7 . 9 
1 7 4 5 . 0 
1 7 7 7 . 5 
18 1 2 . 8 
1 9 3 0 . 5 
1 9 7 1 . 7 
1 9 9 4 . 9 
2 1 6 1 . 9 
2 2 9 8 . 8 
2 3 1 8 . 9 
2 3 2 6 . 5 




9 0 8 . 0 
9 6 0 . 0 
1 1 0 9 . 8 
1 1 1 0 . 0 
1 1 3 3 . 8 
1 1 5 5 . 4 
1 2 5 3 . 5 
1 3 2 5 . 0 
1 3 2 7 . 3 
138 3 . 0 
1 3 8 5 . 3 
1 3 8 6 . 0 
1 7 4 8 . 0 
1 9 6 8 . 0 






0 . 0 1 7 0 
0 . 0 7 0 0 
0 . 0 0 2 5 
0 . 0 1 8 0 
0 . 1 7 0 0 
0 . 0 0 3 0 
0 . 0 0 4 1 
0 . 0 0 2 0 
0 . 0 0 8 6 












2 1 4 B I - 1 S T - E S C 
234PA 









2 1 4 B I - 2 N D - E S C 
226RA* 
2 1 4 B 1 * - 1 S T - E S C . 
2 1 4 B I - 2 N D - E S C 





FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
CKEV) W/IN 0 . 2 % 
2 3 6 . 6 
3 5 1 . 7 3 5 2 . 0 0 . 3 6 0 0 214PB* 
5 1 0 . 5 5 1 0 . 7 0 . 0 9 4 0 208TL* 
5 8 3 . 6 58 3 . 2 0 . 3 1 0 0 208TL* 
6 0 9 . 6 6 0 9 . 3 0 . 4 7 0 0 2 1 4 B I * 
6 0 9 . 4 0 . 1 7 0 0 2 1 4 B I * - 1 S T - E S C * 
9 1 0 . 7 9 1 0 . 0 0 . 0 3 0 0 210TL 
9 5 8 . 8 9 6 0 . 0 0 . 0 0 5 0 214BI 
9 9 9 . 5 9 9 8 . 2 0 . 0 2 0 0 2 1 4 B I * - 1 S T - E S C 
10 0 1 . 0 0 . 0 0 6 0 234PA-M 
1 1 4 3 . 3 
1 3 5 1 . 3 1 3 5 4 . 0 0 . 0 2 1 0 234PA 
1 4 6 1 . 2 1 4 6 0 . 0 0 . 1 1 0 0 40K 
18 0 1 . 5 
197 0 . 7 1 9 6 8 . 0 0 . 0 0 0 4 214BI -2ND-ESC. 
2 1 4 0 . 4 
2 2 9 8 . 5 




FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
CKEV> W/IN 0 . 2 % 
1 3 6 . 0 
2 3 5 . 9 2 3 6 . 0 0 . 0 0 0 0 234PA-M 
2 4 1 . 3 2 4 1 . 0 0 . 0 3 7 0 224RA* 
2 9 4 . 7 2 9 5 . 2 0 . 1 9 0 0 2 1 4 P B * 
3 3 8 . 2 3 3 8 . 0 0 . 1 5 0 0 228AC* 
3 5 2 . 1 3 5 2 . 0 0 . 3 6 0 0 2 1 4 P B * 
3 5 9 . 0 
5 0 9 . 5 
5 1 2 . 5 
5 7 5 . 1 
5 8 4 . 5 
6 1 0 . 2 6 0 9 . 3 0 . 4 7 0 0 2 1 4 B I * 
6 0 9 . 4 0 . 1 7 0 0 2 1 4 B I * - 1 S T - E S C . 
7 2 3 . 2 
7 5 8 . 4 
7 6 7 . 6 7 6 8 . 0 0 . 0 0 8 0 2 1 4 B I - 2 N D - E S C 
7 6 8 . 7 0 . 0 5 0 0 2 1 4 B I * 
8 3 6 . 5 8 3 7 . 0 0 . 0 0 8 0 2 1 4 B I 
9 1 1 . 0 9 1 0 . 0 0 . 0 3 0 0 2 1 0 T L 
9 6 6 . 8 9 6 6 . 0 0 . 2 0 0 0 2 2 8 A C * 
1 0 0 2 . 4 1 0 0 1 . 0 0 . 0 0 6 0 234PA-M 
1 0 0 2 . 1 0 . 0 0 3 6 2 1 2 B I * - 1 S T - E S C . 
1 0 4 3 . 7 1 0 4 3 . 0 0 . 7 0 0 0 5 0 V - 1 S T - E S C 
1 1 2 0 . 2 1 1 2 Q . 4 0 . 1 7 0 0 2 1 4 B I * 
1 1 6 9 . 7 1 1 6 8 . 5 0 . 0 0 0 8 2 1 2 B I - 1 S T - E S C 
117 0 . 0 0 . 0 0 2 0 2 1 4 B I - 1 S T - E S C . 
1 2 5 4 . 6 1 2 5 3 . 5 0 . 1 7 0 0 2 1 4 B I * - 1 S T - E S C . 
1 4 4 1 . 5 
1 4 6 2 . 8 1 4 6 0 . 0 0 . 1 1 0 0 40K 
1 9 6 4 . 5 1 9 6 8 . 0 0 . 0 0 0 4 2 1 4 B I - 2 N D - E S C 
2 1 7 9 . 3 




FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
<KEV) W/IN 0 . 2 % 
2 3 6 . 7 
3 4 6 . 7 
3 5 4 . 6 
5 1 2 . 6 
5 3 7 . 8 5 3 8 . 7 0 . 0 0 0 1 214PB 
5 8 3 . 7 58 3 . 2 0*3100 208TL* 
6 1 1 . 1 
6 6 6 . 1 6 6 5 . 4 0 . 0 2 0 0 214BI* 
9 1 5 . 4 
9 7 1 . 9 
1 1 2 5 . 7 1 1 2 5 . 0 0 . 0 3 2 0 232TH-DEC-1ST-ESC 
• 1 1 2 6 . 8 0 . 0 1 7 0 234PA 
1 3 3 2 . 2 
1 4 6 3 . 4 1 4 6 6 . 0 0 . 0 1 3 0 232TH-DEC 
159 0 . 9 1 5 9 0 . 0 0 . 0 2 0 0 210TL* 
1 5 9 2 . 5 0 . 3 6 0 0 2 0 8 T L - 2 N D - E S C 
1 7 6 5 . 7 1 7 6 4 . 5 0 . 1 7 0 0 2 1 4 B I * 
1 7 6 9 . 0 0 . 0 3 0 0 210TL-1ST-ESC. 
2 1 0 4 . 9 2 1 0 3 . 5 0 . 3 6 0 0 2 0 8 T L - 1 S T - E S C . 




FOUND ENERGIES ABUNDANCE 
(KEV) W/IN 0 . 2 % 
1 4 0 . 1 
1 9 2 . 0 
2 3 4 * 4 
29 1 . 8 
3 35."7 
4 0 7 . 2 4 0 8 . 0 0 . 7 0 0 0 
4 3 0 . 0 
4 3 8 . 2 4 3 8 . 0 0 . 1100 
4 7 3 . 3 
4 8 6 . 1 
5 1 1 . 1 5 1 0 . 7 0 . 0 9 4 0 
5 8 1 . 5 58 1.0 0 . 0 0 2 5 
6 0 7 . 4 
6 4 6 . 2 
6 7 3 . 6 6 7 3 . 0 0 . 0 1 6 0 
7 1 8 . 9 7 1 9 . 8 0 . 0 0 4 2 
7 3 3 . 7 7 3 2 . 9 0 . 0 9 0 0 
9 1 2 . 3 
9 3 4 . 4 9 3 4 . 8 0 . 0 3 0 0 
9 5 1 . 8 9 5 3 . 0 0 . 0 0 3 2 
9 6 9 . 2 
9 7 3 . 3 
1 1 1 6 . 7 
1 1 4 6 . 9 
1 1 7 3 . 2 1 1 7 3 . 2 0 . 0 0 2 6 
1 1 9 8 . 0 "* 
1 4 0 4 . 0 1 4 0 1 . 4 0 . 0 1 7 0 
1 4 6 0 . 0 1 4 6 0 . 0 0 . 1 1 0 0 
1 6 8 6 . 5 1 6 8 4 . 2 0 . 0 0 2 6 
1 7 6 1 . 6 1 7 6 4 . 5 0 . 1 7 0 0 
1 9 5 4 . 0 
2 1 7 8 . 4 















2 1 4 B I * 
208TL 
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BARTOW, FLA FIRST RUN 
ENERGY KNOWN 
FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
CKEV) W/IN 0 . 2 % 
1 3 1 . 9 1 3 2 . 0 0 . 0 0 2 0 228TH* 
1 4 0 . 0 
1 8 2 . 4 
1 8 9 . 8 
2 0 7 . 2 
2 3 8 . 8 2 3 8 . 6 0 . 4 7 0 0 212PB* 
2 9 2 . 6 
3 0 5 . 6 3 0 5 . 4 0 . 0 0 3 0 214PB 
3 0 6 . 0 0 . 9 5 0 0 176LU 
3 5 1 . 8 3 5 2 . 0 0 . 3 6 0 0 214PB* 
3 5 5 . 5 3 5 5 . 6 0 . 0 5 0 0 2 1 4 B I * - 2 N D - E S C 
3 8 1 . 9 * 
3 9 5 . 3 3 9 5 . 0 0 . 0 1 2 0 214BI 
4 0 6 . 5 4 0 5 . 9 0 . 0 0 1 7 226RA* 
4 3 2 * 5 ... 
4 4 7 . 0 
4 5 5 . 5 4 5 4 . 8 0 . 0 0 3 3 226RA* 
4 6 7 . 8 468 • 0 0 . 0 20 0 2 1 0 T L - 2 N D - E S C 
4 8 4 . 9 
5 3 1 . 3 5 3 2 . 0 0 . 7 0 0 0 5QV-2ND-ESC 
5 3 6 . 0 
5 6 3 . 7 
5 6 8 . 4 5 6 8 . 0 0 . 0 2 0 0 210TL*-2ND-ESC. 
• 568 . 1 0 . 0 043 2 1 2 B I * - 1 S T - E S C 
5 6 9 . 5 0 . 1 3 0 0 234PA 
5 7 9 . 5 58 0 . 3 0 . 0 036 214PB* 
5 8 4 . 9 
5 9 7 . 2 
6 0 8 . 7 6 0 9 . 3 0 . 4 7 0 0 2 1 4 B I * 
6 0 9 . 4 0 . 1 7 0 0 2 1 4 B I * ~ I S T - E S C . 
6 1 2 . 7 
6 4 8 . 2 6 4 9 . 0 0 . 0 1 5 0 234PA-2ND-ESC 
6 6 4 . 0 
68 2 . 9 
6 9 8 . 6 6 9 9 . 0 0*0430 234PA 
6 9 9 . 0 0 . 1 7 0 0 2 I 0 T L - 1 S T - E S C 
7 0 4 . 4 70 3 . 2 0 . 0 0 8 0 214BI* 
7 6 9 . 3 7 6 8 . 0 0 . 0 0 8 0 2 1 4 B I - 2 N D - E S C 
7 6 8 . 7 0 . 0 5 0 0 2 1 4 B I * 
7 7 0 . 3 0 . 0 1 7 0 2 1 4 B I * - 1 S T - E S C . 
7 7 8 . 4 7 7 9 . 0 0 . 0 1 4 0 2 28 AC* 
7 8 7 . 5 7 8 7 . 1 0 . 0 1 2 0 214BI 
79.3.8 7 9 2 . 8 0 . 0 014 226RA-DEC-1ST-ESC 
7 9 5 . 0 1.000Q 210TL 
8 0 6 . 0 8 0 6 . 3 0 . 0 1 5 0 214BI* 
8 2 2 . 6 3 2 1 . 0 0 . 0 0 1 6 214BI* 
157 
8 2 4 . 0 0.0100 234PA 
8 3 5 . 9 8 3 7 . 0 0.0080 214BI 
9 3 3 . 5 934 .8 0.0300 214BI* 




1060.0 1060.0 0.1200 210TL 
1068.3 1068.0 0.0500 210TL-2ND-ESC 
1070.0 0.0 027 226RA-DEC 
1073.2 1072.1 0.0090 214BI*-1ST-ESC 
1073.0 0 .0072 212BI 
1082.7 1083.9 0.0 034 226RA-DEC-1ST-ESC 
1123.7 1125.0 0.0320 232TH-DEC-1ST-ESC 
1156 .4 1155.4 0.0180 214BI* 
1219.7 1218.6 0.0300 214BI*-1ST-ESC 
1246.0 ' 
1269.8 Y2.1\.Z 0.0040 214BI*-2ND-ESC. 
1274.2 1273.0 0.0300 214BI-1ST-ESC. 
1279.9 1279.0 0.0 08 0 214BI-1ST-ESC 
128 1. 3 0V0170 214BI* 
1284.9 
1295.9 1295.0 0 .0015 212BI*-1ST-ESC. 
1329.0 1327 .3 0.0 041 226RA*-1ST-ESC. 
1379 .2 1377.6 0.0500 214BI* 
1401.6 1401.4 0.0170 214BI* 
1408.0 1408.0 0.0250 214BI» 
1408.0 0.0900 210TL-2ND-ESC 
1410.0 0.0500 210TL 
1472.4 
1511.8 1509 .2 0.0200 214BI* 
1513.1 0 .0036 212BI* 




1770.9 1769.0 0.0300 210TL-1ST-ESC. 
1774.3 
1783.3 1782.2 0.0040 214BI*-1ST-ESC 
178 4 .0 0.0300 214BI 




2 0 1 9 . 3 2017 .0 0 .0007 214BI 
2042V3 
2122 .6 2 1 1 8 . 5 0.0100 214BI* 
220 3 .9 2204.' 1 0.0500 214BI* 
2261 .5 2259."0 0 .0004 214BI-1ST-ESC 
230 0.7 
2 6 1 5 . 3 2 6 1 4 . 5 0.3600 208TL 
158 
BARTOW*FLA SECOND RUN 
ENERGY KNOWN 
FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
CKEV) W/IN 0 . 2 % 
1 8 4 . 3 1 8 4 . 0 0 . 0 0 0 1 228TH 
• * 1 8 4 . 0 0 . 0 1 7 0 2 28 AC* 
240 . 1 
2 7 6 . 3 
28 3 .1 
293 .5 2 9 3 . 5 0 . 0 4 2 0 234PA 
351 .8 3 5 2 . 0 0 . 3 6 0 0 214PB* 
6 0 9 . 9 6 0 9 . 3 0 . 4 7 0 0 2 1 4 B I * 
6 0 9 . 4 0 . 1 7 0 0 2 1 4 B I * - 1 S T - E S C . 
724 .8 
767 .8 7 6 8 . 0 0 . 0 0 8 0 2 1 4 B I - 2 N D - E S C 
7 6 8 . 7 0 . 0 5 0 0 2 1 4 B I * 
9 3 6 . 3 9 3 4 . 8 0 . 0 3 0 0 2 1 4 B I * 
1124.7 1 1 2 5 . 0 0 . 0 3 2 0 232TH-DEC-1ST-ESC 
• 1 1 2 6 . 8 0 . 0 170 234PA 
1159.1 1 1 6 0 . 0 0 . 0 1 5 0 234PA-1ST-ESC. 
1240.0 1 2 3 8 . 3 0 . 0 6 0 0 2 I 4 B I * 
138 1.9 138 3 . 0 0 . 0 0 2 0 214BI -2ND-ESC. 
1405.8 1 4 0 8 . 0 0 . 0 2 5 0 2 1 4 B I * 
1 4 0 8 . 0 0 . 0 9 0 0 2 1 0 T L - 2 N D - E S C 
1411.8 1 4 1 0 . 0 0 . 0 5 0 0 210TL 
1511.2 1 5 0 9 . 2 0 . 0 2 0 0 2 1 4 B I * 
• * 1 5 1 3 . 1 0 . 0 0 3 6 2 1 2 B I * 
1664 .2 1 6 6 1 . 2 0 . 0 1 2 0 2 1 4 B I * 
1730.7 1 7 2 9 . 6 0 . 0 3 0 0 2 1 4 B I * 
1764.4 1 7 6 4 . 5 0 . 1 7 0 0 2 1 4 B I * 
1852.5 1 8 4 9 . 0 0 . 0 8 0 0 2 1 0 T L - 1 S T - E S C . 
2124 .7 
2 2 0 8 . 3 2 2 0 4 . 1 0 . 0 5 0 0 2 1 4 B I * 
245 0.4 2 4 4 7 . 6 0 . 0 1 6 5 226RA 




FOUND ENERGIES ABUNDANCE SOURCE ISOTOPES 
CKEV) W/IN 0 . 2 % 
1 3 4 . 5 
1 8 2 . 6 
2 9 3 . 4 2 9 3 . 5 0 . 0 4 2 0 234PA 
3 5 2 . 8 
4 1 3 . 5 
490 . ' 9 4 9 1 . 1 0 . 0 0 3 6 2 1 2 B I * - 2 N D - E S C 
6 1 2 . 1 
6 3 2 . 3 
648 V 5 6 4 9 . 0 0 . 0 1 5 0 2 3 4 P A - 2 N D - E S C 
6 7 6 . 8 
68 2 . 7 
8 22V4 8 2 1 . 0 0 . 0 0 1 6 2 1 4 8 1 * 
* 8 2 4 . 0 0 . 0 1 0 0 234PA 
8 6 5 . 4 8 6 6 . 6 0 . 0 5 0 0 2 1 4 B I * - 1 S T - E S G . 
8 8 6 . 6 
8 9 8 . 8 8 9 9 . 0 0 . 0 5 0 0 2 1 0 T L - 1 S T - E S C . 
8 9 9 . 3 0 . 0 4 1 0 234PA 
9 3 6 . 7 • 
1 0 8 1 . 5 
1 1 1 2 . 9 
1 1 2 5 . 3 1 1 2 5 . 0 0 . 0 3 2 0 232TH-DEC-1ST-ESC 
1 1 2 6 . 8 0 . 0 1 7 0 234PA 
1 1 5 8 . 1 1 1 6 0 . 0 0 . 0 1 5 0 2 3 4 P A - 1 S T - E S C 
1 3 6 8 . 5 1 3 6 6 . 0 0 . 0 0 2 0 2 1 4 B I * - 1 S T - E S C . 
1 3 8 1 . 4 138 3 . 0 0 . 0 0 2 0 214BI-2ND-ESC* 
1 4 2 8 . 3 1 4 2 5 . 6 0 .' 0 1 65 226RA-2ND-ESC. 
' 1 4 3 0 . 0 0 . 7 0 0 0 138LA 
1 4 6 3 . 4 1466. ' 0 0 . 0 1 3 0 232TH-DEC 
1 5 1 0 . 2 1 5 0 9 . 2 0 . 0 2 0 0 2 1 4 B I * 
• - 1 5 1 3 . 1 0 . 0 036 212BI* 
1 6 4 9 . 7 1 6 5 0 . 0 0 . 0 2 0 0 210TL 
1 6 5 1 . 0 0 . 0 0 0 0 2 1 4 B I - 1 S T - E S C 
1 68 0 . 6 1678 . 0 0 . 0 004 2 1 4 B I - 2 N D - E S C 
1 6 7 9 . 5 0 . 0 008 212BI 
168 1.0 0 . 0 0 2 0 214BI 
1 7 6 5 . 3 1 7 6 4 . 5 0 . 1 7 0 0 2 1 4 B I * 
1 8 6 0 . 0 
1 9 1 9 . 3 1 9 1 9 . 0 0 . 0 9 0 0 2 1 0 T L - 1 S T - E S C 
2 1 0 8 . 6 
2 1 3 5 . 2 
2 2 0 5 . 3 2 2 0 4 . 1 0 . 0 5 0 0 2 1 4 B I * 
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